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ABSTRACT 
The work presented in this dissertation has two major research objectives related to steel 
bridge piles with severe but localized corrosion: (1) development of a numerical framework to 
predict the axial capacity of the corroded piles, and (2) development and evaluation of a friction-
type bolted steel plate-based rehabilitation system to be used for the repair of corroded piles. 
To accomplish the first research objective, an investigation of the remaining compressive 
capacity of H-piles with simulated corrosion was carried out. This included an experimental 
program and numerical simulations. Seven 15-ft-long HP12×53 piles were machined to simulate 
the section loss due to corrosion and tested under uniaxial compression load. The results obtained 
from the experimental study of corroded piles were used (1) as a validation for the developed 
numerical framework, and (2) as a control group of experimental investigation of the proposed 
repair system. A finite element model was developed and validated using the experimental results 
of this study. A parametric study was carried out using the model to investigate the effects of 
parameters including slenderness of the corroded flange and web, slenderness of the pile, location 
and extent of the corroded region, and the magnitude of residual stresses. The results indicated 
that flange thickness reduction is a critical factor influencing the remaining capacity of partially 
corroded H-piles. The results also demonstrated that increasing pile slenderness and residual 
stresses reduce the capacity of piles that fail by flexural buckling but have negligible effect on 
piles that fail by flange/web local buckling. 
To achieve the second objective of this study, a friction-type bolted plate-based repair 
system was proposed. In this proposed method the applied axial load is transferred from the 
original pile to the steel repair plates through friction at the interface between the pile flanges and 
the steel repair plates.  
The evaluation of the retrofitted piles consisted of both experimental and numerical 
programs. Seven piles with the same configurations as the corroded control group were repaired 
and tested under axial compression. The experimental results demonstrated the effectiveness of 
vii 
 
the rehabilitation method by ensuring acceptable axial capacity and stiffness. A finite element 
analysis was conducted to study the factors that influence the efficiency of the repair system, 
including the length of the steel plates, the magnitude of bolt pretension and slip resistance. The 
findings indicated that increases of the length of the repair system, magnitude of bolt pretension 
and slip resistance can enhance the capacity of pile with local failure within the corroded region. 
These three factors do not have a significant strengthening effect if a pile fails by flexural 
buckling. 
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CHAPTER 1 INTRODUCTION 
1.1 General 
The U.S. Federal Highway Administration (FHWA) reported that among all 607,380 
national bridges, 11% were classified as structurally deficient due to deteriorations, cracks, or 
other flaws, and 24.9% were defined as functionally obsolete (ASCE, 2013).These bridges are 
potentially need up-to-date evaluation or rehabilitation. Besides, the average age of current U.S. 
bridges is 43 years (Grevello et al., 2015), while their design life is considered as 50 years. More 
than 30% of existing bridges have exceeded their design life (ASCE, 2013), which indicates that 
maintenance, rehabilitation or replacement are in an increasing need. Corrosion is a leading factor 
in bridge deterioration (NACE, 2013). As a substructure component of bridge, bridge piles suffer 
the most effects of corrosion since they are partially submerged in the water and soil. Due to the 
seasoning change of the water level (interface between water and air), localized corrosion 
occurred and became severe in the piles during their service lives, as shown in Figure 1.1. The 
left figure shows a bridge with steel H-shaped piles partially submerged in water and partially 
exposed in air. Severe corrosion can be seen on flanges and web of one pile near the water lever 
in the right figure. The corrosion reduces the cross sectional area of a pile and as a result reduces 
the thicknesses of flanges and web which makes these elements more slender.  
 
Figure 1.1 Corroded piles from field view 
 
2 
The research presented in this dissertation is one component of a broader project, as 
illustrated in Figure 1.2, to first investigate the issue at hand and then develop repair systems for 
corroded steel bridge piles including design and construction guidelines. The overall objective of 
the research project was to develop repair systems for corroded steel bridge piles that can be 
applied without dewatering. Assessment of deteriorated piles and repair systems were achieved 
by small-scale and full-scale study experimentally and numerically. Environmental durability 
tests were conducted to provide further information for a life-cycle cost analysis to evaluate 
different repair systems. Finally, design guidelines that enhance the safety and economy of 
existing bridge infrastructure were proposed. Field tests with long-term monitoring will be 
performed. 
Figure 1.2 illustrates an overview of the research work plan of the broader project. The 
subjects of this dissertation are highlighted in the figure, while other components of the research 
are reported elsewhere.  
Task #1 is a rigorous survey of relevant practice nationwide to guide the remaining 
research. Task #2 includes reviews of various types of systems that are commercially available or 
currently in use for underwater repair of steel piles. Task #3 is a preliminary study on corroded 
piles, including experimental and numerical studies on small-scale H-piles. Task #4 includes the 
full-scale experiments of 7 corroded control piles and 21 retrofitted piles. Task #4 also contains 
finite element analyses (FEA) on both corroded and retrofitted piles and parametric studies on 
critical factors affecting the axial behavior of piles. Task #5 includes evaluation of the durability 
of the repair system by testing specimens in accelerated environmental exposure condition. Task 
#6 is the life-cycle cost analysis (LCCA) of the repaired systems based on the results from full 
scale tests in Task #4 and durability tests in Task #5. Task #7 includes the field tests and long-
term monitoring. Task #8 is to develop design guidelines for repair systems to facilitate TxDOT 
bridge maintenance operations.  
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*Research included in this dissertation. 
 
Figure 1.2 Work plan of the overall TxDOT project 
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1.2 Problem Definition and Research Significance 
Since more than 30% of bridges in the U.S. have exceeded their design lives (ASCE, 
2013), one of the most critical tasks is evaluation and maintenance/rehabilitation of current 
bridges. Steel bridge piles under corrosion have more slender elements due to loss of the 
thicknesses of flanges and web. Current design methods for compression members in bridges 
were not developed for members with very slender elements (AASHTO, 2012). American Iron 
and Steel Institute (AISI) provides design specifications for cold-formed steel members that can 
be used for members with very slender element (AISI, 2007). However, it does not include 
method for members with localized deterioration. Although enlightening studies on axial 
members with non-prismatic sections have been conducted (Paik et al., 2003; Nakai et al., 2004; 
Beaulieu et al., 2005; Liu et al., 2005; Ok et al., 2007; Moen and Schafer, 2008; Oszvald, 2012), 
steel H-piles with observed cross-section reduction due to corrosion have not been fully 
investigated. This lack of research led to comprehensive experimental and numerical studies on 
small-scale W-section piles with various degrees and patterns of corrosion(Karagah et al., 2015), 
followed by an investigation on full-scale corroded H-piles by an extensive experimental and 
numerical research program (Shi et al., 2016). The findings provide an in-depth understanding of 
the axial behavior of corroded H-piles and a reliable numerical framework to predict their 
remaining capacities.  
Current repair systems for compressive members are based on empirical and conservative 
design instead of thorough understanding of the axial behavior of the corroded piles. Traditional 
rehabilitation approaches for steel structures include concrete jacking, to bolt or weld steel plates 
or sections to the deteriorated member. However, concrete jacketing requires curing time of 
concrete. Welding has its disadvantages when comes to underwater applications: rapid quenching 
which decreases the ductility and impact strength of the weldment, hydrogen embrittlement, and 
poor visibility (Verma, K. and Garg, H.K., 2012). Bolting plates to original member requires 
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drilling holes on existing corroded pile which is a negative effect for original member. 
Researchers have investigated the use of fiber reinforced polymers for repair of steel compression 
members, due to their high strength-to-weight ratio and ease application (Shaat and Fam, 2006; 
Teng and Hu, 2007; Young et al., 2006; Silvestre et al., 2008; Kim and Harries, 2011; Siddique 
and Damatty, 2012). However, they also found that achieving effective bond between the FRP 
and the steel is challenging but essential to the effective performance of the system (Teng et al., 
2012), which indicates FRP plating repair system may not be a preferable approach for 
underwater applications like bridge piles.  
A steel-based repair system was proposed and studied in this research. It was named as 
friction-type bolted steel plates repair system, which transfers the axial load from the original pile 
to new attached steel plates through friction within a development length on both sides of the 
corroded section. The system is suitable for underwater rehabilitation of steel bridge piles due to 
its own advantages including easy installation, immediately effective after installation, and keeps 
original pile integral without drilling through it. However, this repair system has not been 
commonly used in field applications and no specific design guidelines are available. This 
dissertation presents the relevant details of a numerical and experimental investigation of the 
behavior and effectiveness of this type of system. The findings of the research demonstrated that 
the friction-type bolted plates repair system can effectively enhance the axial capacity and 
stiffness of the corroded H-piles in underwater conditions. 
1.3 Research Objectives 
The work presented in this dissertation has two major research objectives related to 
bridge piles with severe but localized corrosion: (1) development of a numerical framework to 
predict the axial capacity of the corroded piles, and (2) development and evaluation of a friction-
type bolted steel plate-based retrofit system to be used for the repair of deteriorated piles.  
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Objective #1: Develop a numerical framework that can be used to predict the remaining 
axial capacity of steel H-piles with different degrees and patterns of corrosion. This is necessary 
because current design methods were not developed for non-prismatic members and their 
predictions for non-prismatic members were demonstrated very conservative by assuming the 
piles have uniform corrosion along the entire lengths. Therefore, a finite element (FE) model was 
developed and validated by small-scale and full-scale experimental results of corroded H-piles. 
Objective #2: Develop a steel-based repair system for corroded H-piles that can be 
installed in underwater applications. In order to evaluate the effectiveness of the proposed repair 
system, an experimental and numerical study was conducted. To optimize the repair system, a 
parametric study on the effects of factors that might have influence the axial capacity of 
retrofitted piles was performed. 
1.4 Research Methodology 
Figure 1.3 illustrates the flow of this research. Starting with literature review of previous 
research, the gaps in the field of study were identified. Second, experimental and numerical 
studies for both corroded and repaired piles were conducted. The experimental results of corroded 
piles were used as (1) validation of the FE model and (2) control group for tests of retrofitted 
specimens. Numerical analysis on corroded piles provided insight knowledge of critical factors 
that dominate the behavior of piles. Third, the repair system was designed and applied on the 
corroded piles with the same deterioration patterns as the control piles. The retrofitted piles were 
tested under concentric, monotonic compression to investigate the effectiveness of the repair 
system. Verified by tests results, a FE model for repaired piles was developed for parametric 
study on factors that affect the behavior of the repair system. Conclusions were drawn on the 
basis of the study on corroded and repaired piles, and future work was proposed at the end. 
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Figure 1.3 Flow chart of the research included in this dissertation 
 
1.5 Dissertation Organization 
This dissertation consists of seven chapters: 
Chapter 1 provides a general introduction and presents the objective and methodology of 
the research. 
Chapter 2 summarizes the research done related to evaluation and rehabilitation of steel 
compression members. This chapter includes reviews of numerical assessment methods for 
compression members with and without local deterioration, and a brief summary of existing 
repair methods for steel members. 
Chapter 3 introduces the experimental program on steel H-piles with simulated localized 
corrosion. Seven full-scale piles with representative corrosion patterns were tested under uniaxial 
compression. The results and findings are discussed. 
Chapter 4 illustrates the development of a FE model that can be used to predict the 
compressive behavior of steel H-piles with different degrees and patterns of corrosion. The model 
was validated by test results from both small-scale (Karagah et al., 2015) and full-scale specimens, 
and then used for parametric study. The main factors investigated in this chapter include pile 
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slenderness, severity of flange and web corrosion, location and extent of the corrosion, magnitude 
of initial imperfection, and the magnitude of residual stresses. 
Chapter 5 provides the experimental details of the testing of the repaired piles. Seven 
piles with the same reduction patterns as the control piles in Chapter 3 were repaired by a 
friction-based bolted plates system and tested under axial compression. The axial peak load, 
stiffness, and failure mode were compared between corroded and repaired piles. 
The validated numerical framework is implemented to model the repair system in 
Chapter 6. 
The major conclusions of the research are summarized in Chapter 7. Recommendations 
for future research are also presented. 
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CHAPTER 2 LITERATURE REVIEW 
This research includes two objectives: (1) development of a numerical framework to 
predict the remaining axial capacity of steel bridge H-piles with localized corrosion, and (2) 
development of a steel-based repair system for corroded H-piles in underwater applications. 
Regarding the first aim, review of existing research on corroded steel members is beneficial to a 
general understanding of the effects on their capacity due to deterioration, although the studied 
members are of different shape or scale from H-pile. Furthermore, a review of studies on 
numerical analysis of the axial behavior of metallic axial members was conducted. Despite the 
existing studies are on prismatic members, the simulation techniques are essential to facilitate the 
development of the numerical framework for corroded H-piles. Regarding the second aim, the use 
of attaching plates, steel or FRP, to rehabilitate steel members was also reviewed. The 
effectiveness of plating method has been demonstrated in axial members, flexural members, and 
shear and torsional members. However, the technique becomes challenging when it comes to 
underwater usage without dewatering.  
2.1 Members with Local Deterioration 
One of common damage affecting steel structures is corrosion. Thus far, it has been 
investigated on various shapes of members. A number of studies were conducted to evaluate the 
residual strength of steel axial members with various levels of deterioration. Full-scale and small-
scale experimental studies were conducted to gather some understanding of the behavior of 
deteriorated steel members. Since buckling of deteriorated members is a complex problem, finite 
element analysis (FEA) was used to evaluate the inelastic flexural and local buckling 
propagations on members during loading. FEA was also used to conduct parametric studies on 
large amount of analyses with varying factors to identify critical parameters that affect the 
behavior of studied members. Besides axial members, corroded members under other types of 
load were also briefly reviewed in this section to provide a broader view of the effects of 
corrosion. This section presents the experimental studies of corroded members under uniaxial 
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compression, numerical studies of corroded members under uniaxial compression, and 
experimental/numerical studies of corroded members under other types of load. 
2.1.1 Experimental studies on corroded members 
Experimental studies have been conducted on axial members of various shapes of 
sections with localized deteriorations, including steel plates with pit corrosion, angles with 
localized and distributed corrosion, small-scale I-shaped and W-shaped members with localized 
reductions, and lipped channels with perforated holes.  
Paik et al. (2003) conducted a series of collapse tests on steel plates with different 
degrees of pit corrosion under compression. They defined a parameter denoted as degree of pit 
(DOP) corrosion intensity, which refers to the ratio of the corroded surface area to the original 
plate surface area. Three groups of tests were conducted with three values of DOP, 0%, 4.87%, 
and 10.24%. Each group included 4 identical steel plates. The plates were welded together to 
form a square box, as shown in Figure 2.1 (Paik et al., 2003). Figure 2.1 shows the box section 
composed by 4 steel plates welded edge by edge and every group of 4 plates had the same degree 
and distribution of corrosion. The average values of their loads and displacements were taken as 
the results of the group. The obtained buckling stress of intact plate was only half of the elastic 
buckling stress from theoretical calculation, due to the influence of welding residual stresses. The 
experimental results also showed that the plate buckling stress decreased by 20% when the DOP 
increased from 0 to 10%.  This indicates that the through-thickness pits reduce the ultimate axial 
capacity of plates in terms of reduction on both cross sectional area and buckling stress. However, 
the experimental program only contained three values of DOP, and all pit corrosion were 
assumed as through-thickness holes in a uniformly distribution on plates, which did not represent 
the realistic situation of corrosion. Also, the influence of residual stresses was acknowledged but 
not investigated. 
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Figure 2.1 Test structure of corroded plates 
 
Beaulieu et al. (2010) tested 24 steel angle members under axial compression, including 8 
un-corroded specimens and 16 corroded members. Corrosion was achieved by an accelerated 
galvanic corrosion process, as shown in Figure 2.2. The corrosion degree was quantified by the 
mass loss percentage, which ranged from 21% to 47%. The tested sections contained L2 1/2×2 
1/2×3/16 and L2 1/2×2 1/2×3/8 with two slenderness ratios of 40 and 110. The test results 
demonstrated that the loss of mass was not proportional to the loss of the member’s capacity. For 
specimens with low corrosion level, the percentage of capacity loss was less than the loss of mass, 
however, the loss of capacity was higher than the loss of mass for angles with high corrosion 
level. The design specifications and codes including CAN/CSA S16-09 (2005), AISC (2005), and 
ASCE 10-97 (1997) were evaluated on their suitability to predict the behavior of corroded steel 
angles under axial compression. The comparisons between experimental results and predictions 
from design codes showed that the remaining capacity was not accurately calculated by the three 
methods. Beaulieu et al. proposed several general recommendations for better prediction, 
including taking into account the unevenness of the corrosion and additional experiments on 
members with degree of corrosion between 0% and 20%. However, the idea of using mass loss to 
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represent the effect of corrosion in this research ignored key affecting factors such as flange 
thickness and slenderness ratio, which influenced members with slender element that failed by 
plate buckling.   
 
 
Figure 2.2 Corroded steel angles 
 
Other researchers investigated compressive behavior of steel angle section specimens 
with three types of corrosion effects (Oszvald and Dunai, 2012). They tested 24 steel angles 
under compression with artificial reduction of thickness in the legs by milling process to simulate 
corrosion. Three types of corrosion effects, as shown in Figure 2.3 (Oszvald and Dunai, 2012), 
were considered: (1) uniformly distributed thickness reduction along the specimens, as shown in 
Figure 2.3(a), (2) pit corrosion was distributed regularly along the specimens, as shown in Figure 
2.3(b), and (3) localized thickness reduction was performed at different locations of the 
specimens, as shown in Figure 2.3(c). Observation from test results indicated that specimens with 
uniform and pit corrosion were governed by flexural buckling, while cases with localized 
corrosion tended to fail by local buckling. Inspection of the group with localized corrosion 
indicated that the initial imperfection had considerable effects on the buckling strength of the 
specimen. However, the magnitude of initial imperfection was not quantified. Eurocode 3 method 
was also used to compare its predictions to experimental results. The predictions are conservative, 
because the method always assumes the most severe corrosion along the entire length. The 
method predicted capacity less than half of the tested capacity in extreme cases.  
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Figure 2.3 Three types of corrosion effects 
 
Liu et al. (2005) tested seven small-scale I-shaped corroded compression braces. The 
effect of corrosion was simulated by cutting a 12 in by 0.63 in notch on both sides of each flange 
(four locations in total) at the mid-height of the member, as shown in Figure 2.4. Reducing the 
width of flanges decreased the cross-sectional area of the member and the slenderness of the 
flanges. The latter effect is unrepresentative of most patterns of corrosion that have been observed 
in actual structures, where the flange thickness reduces due to corrosion and its slenderness 
increases accordingly. The test results illustrated 41% reduction on axial capacity of the column 
with 22% reduction on its cross sectional area.  
14 
 
 
Figure 2.4 Notched small-scale I-shaped member 
 
Karagah et al. (2015) tested 13 small-scale, 32 in long W4×13 short steel columns with 
different degrees and patterns of sectional deterioration. The deterioration was achieved by 
machining the flange and web to reduce their thicknesses and flange width, as shown in Figure 
2.5. The findings of the research indicated that reduction of the flange thickness resulted in a 
lower axial capacity than reduction of web thickness. The capacities of the columns were 
predicted using various design models and the dimensions of the reduced sections of the columns. 
The axial capacities that were predicted using the American Association of State highway and 
Transportation Officials (AASHTO) method were overly conservative (up to 56% lower than 
measured capacities) for severely corroded piles with total section loss greater than 50%. The 
predicted capacities using the direct strength method were also overly conservative (up to 55% 
less than measured capacities). The AISI’s effective width method provided more accurate 
predictions compared to the other two methods, but still predicted 40% lower than experimental 
capacity for extremely corroded specimens. This illustrates the need to develop a method for 
more reliable prediction of axial members with localized corrosion. 
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Figure 2.5 Small-scale W-shaped members with flange/web thickness reduction 
 
Researchers have been studying compressive members with perforations, the findings of 
which may also be applicable for investigation of axial members with such severe corrosion at 
certain locations that the remaining material barely exists.  
Rhodes and Schneider (1994) investigated the behavior of stub columns with a series of 
different perforation locations and sizes experimentally. The experimental program focused on 48 
plain channels, as shown in Figure 2.6, with systematically varied distributions of perforation to 
study the effects of perforation location, diameter, and number on cross section. The test results 
indicated that the remaining capacity of a perforated member depends on the location and size of 
the perforations. It was shown that for slender sections dominated by local buckling. Perforations 
in the corners exhibited greater weakening effect than other locations away from the corners. 
Also, for members with compact cross section the capacity can be estimated as the product of the 
yield stress multiplying the minimum cross sectional area of the member. This study helped 
identify research needs to be included in this project by investigating the location and size of the 
deteriorated region. 
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Figure 2.6 Perforated steel channels 
 
Rhodes and Macdonald (1996) studied the compression behavior of stub columns with 
slotted perforations to investigate the effect of the perforation length. The experimental program 
contained 5 unperforated plain channel members and 48 members with perforation lengths from 
0.315 to 1.417 in in steps of 0.157 in. Two types of perforation distribution were considered, one 
with slotted holes on web and flanges, and the other one with slotted holes on the junction of web 
and flanges. The test results demonstrated that while the perforation length had weakening effects 
on perforated members, the effect was greater on members with holes at the junction of web and 
flanges. This is expected since the flanges and web away from the junction buckle first under 
compression due to less constraint and the junction region contributes more to resist applied load. 
While Rhodes et al. (1996) focused on stub columns, Pu et al. (1999) investigated slender 
perforated lipped channels. They tested 63 stub columns to study the effects of perforation size, 
position, and aspect ratio of rectangular holes on the axial strength. The test results indicated that 
the size and position of perforations were critical factors for the compression capacity of stub 
column. The holes located on the edges of the web had more considerable reduction effects than 
holes distributed at the center or at the quarter-width of the web. This is consistent with the 
findings of Rhodes (1994) on stub members. The influence of the aspect ratio of rectangular holes 
was found negligible for slender channel columns. 
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Moen and Schafer (2008) tested 24 short and intermediate length cold-formed steel 
lipped C-channel columns with and without pre-punched slotted web holes to failure. The test 
results indicate that the slotted holes have only minor influence on compressive strength, with the 
largest reduction as 2.7%. However, for short columns (24 in long column with web width of 
3.62/6.00 in and flange width of 1.62 in), the hole reduced the post-peak resistance of web, 
causing the flanges and lips to carry more of the axial load. This was exhibited in the reduction of 
the area under load-displacement response of short columns, but this phenomenon was not 
observed from intermediate length columns (48 in long channel with 3.62/6.00 in of web width 
and 1.62 in of flange width). The authors also derived design expressions that extended the direct 
strength method (DSM) in AISI to cold-formed steel columns with holes (Moen and Schafer, 
2011). The proposed DSM distortional buckling strength prediction equations provide a transition 
from the elastic buckling failure regime to the net section strength limit. The proposed model was 
validated with existing experiments on cold-formed steel columns with holes, and extensive 
nonlinear FEA results covered a wide range of hole sizes, hole spacings, hole shapes, and column 
dimensions.  
Cinitha et al. (2014) presented an overview of issues related to corrosion and 
experimental studies on corroded compression members. They proposed approaches to quantify 
corrosion. One way of quantifying corrosion was taken as the loss of mass of the steel member: 
mild corrosion was considered when the mass loss was 0%-20%, moderate corrosion for mass 
loss of 20%-40%, and severe corrosion for mass loss of more than 40%. The other quantification 
technique was taken as of the thickness loss: mild corrosion was considered when average 
thickness loss was less than 25%, moderate corrosion for average thickness loss of 25%-50%, and 
severe corrosion for thickness loss over 50%. However, inspection of the experimental results on 
corroded tension coupons indicated that the quantification technique based on thickness loss was 
more representative. Cinitha et al. conducted compression tests on steel angles and hollow tubular 
specimens. The results indicated that the location and loss of metal due to corrosion has 
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significant effect on the structural behavior. The irregularity resulted from corrosion led to stress 
concentration at the most degraded region followed by immediate failure. Mild corrosion did not 
exhibit substantial reduction on the capacity of member, while severe corroded member required 
further investigation as it reduced the capacity and was sensitive to factors that would cause stress 
concentration.  
2.1.2 Numerical studies on corroded members 
Several researchers have also used numerical analysis to investigate the axial behavior of 
metallic members with deterioration. Some of the studies presented in the previous section also 
used finite element analysis to further study the issues at hand. They typically used experimental 
results to validate the accuracy of numerical model, and then conducted parametric studies. The 
FEA were used to investigate various factors that affect the behavior of corroded members. This 
section presents the findings of FEA on corroded axial members. 
Paik et al. (2003) performed a numerical study using the ANSYS finite element software 
package. A convergence study was conducted to determine the mesh size. An elastic- perfectly 
plastic material model was used ignoring the strain-hardening effect. Measured initial deflections 
were implemented as initial imperfections. Residual stresses were not measured, but were 
assumed according to other studies (Paik and Thayamballi, 2003; Smith et al., 1988). The 
developed numerical framework overestimated the stiffness and ultimate strength by 7-10% 
compared to test results. However, the FEA correlated well with the experimental results as a 
function of DOP. A parametric study was conducted by FEA and the results indicated that the 
plate-buckling capacity was governed by the smallest cross-sectional area of the plate. An 
equation for predicting the ultimate compressive strength of steel plates with pit corrosion was 
derived empirically by regression analysis of numerical results. The proposed prediction equation 
was proven valid for plate with randomly distributed pit corrosion as well as uniformly 
distributed pit corrosion. 
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Nakai et al. (2004) investigated the influence of pit corrosion on steel plate. Compression 
tests were conducted on plates with various distributions of pit corrosion. Figure 2.7(Nakai et al., 
2004) shows the test setup. The pit corrosion was simulated by milling the thickness of plate at 
certain locations. Finite element analysis software MSC.Marc was used for an elasto-plastic 
analysis to simulate the effect of corrosion pit on compressive buckling behavior. The analysis 
results indicated that compressive buckling strength of pitted members was smaller than or equal 
to that with uniform thickness loss in terms of average thickness loss. Therefore, it is conservative 
to assume average thickness loss when predicting the remaining capacity of plates with pit 
corrosion. 
 
 
Figure 2.7 Compression test on steel plate with pit corrosion 
 
Ok et al. (2007) studied the effects of localized pit corrosion concentrated at one or 
several possible large area on the ultimate strength of unstiffened plates. They ran 256 nonlinear 
finite element analyses on panels with various locations and sizes of pit corrosion. ANSYS was 
used for numerical simulation. A shell element, namely SHELL181 in ANASYS, was selected for 
modeling. It is a four-node element with six degrees of freedom at each node, and is suitable for 
large rotation, and/or large strain nonlinear applications. Initial imperfection was implemented in 
the model while the residual stresses were not considered. The parameters considered in the 
research contained plate slenderness, the location, length, breadth, and depth of pit corrosion. 
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Five different B/t (width-to-thickness) ratios were investigated: 41.7, 45.5, 50.0, 55.6, and 62.5. 
The location of pitting corrosion was assumed to start at aft bay (aft end) and the sizes of pitting 
corrosion had four different length values: 0.25L, 0.5L, 0.75L, and 1.0L, where L was the total 
length of the plate. The investigated depth of corrosion included 0.25t and 0.5t, where t is the 
thickness of the plate. The results expressed that the length, breadth, depth, and transverse 
location of the pit corrosion affected the compressive strength of the plates, while the depth, 
width, and transverse location of the pit corrosion were three dominant factors. When pitting 
corrosion on both sides of the plate exceeded 50% of the total length, the axial strength decreased 
10%-17%. However, when pitting length increased to 75% and 100% of the total length of the 
plate, the reduction of axial strength was not significant, only 2% and 5% lower than the case 
with 0.5L pitting corrosion length, respectively. The most capacity reduction happened when the 
corrosion spread transversely on both edges, while corrosion simulated at the center resulted in 
least strength reduction. However, plate slenderness had only negligible effect on the capacity 
reduction. 
Oszvald and Dunai (2013) conducted a numerical study for a comprehensive analysis of 
angle members with different corrosion patterns, thickness reductions, extension and position of 
the corrosion. A non-linear model was developed using ANSYS and validated by experimental 
data. Element types of eight-node (SOLID45) and 20-node (SOLID186) solid elements were used 
for modeling, in order to consider the corroded geometry more accurately. Elastic-perfectly 
plastic stress-strain relationship was adopted for material property. Convergence analyses were 
conducted to determine the mesh size. Geometric imperfections were determined on the basis of 
the measured ultimate buckling force. The results of the study indicated that corrosion near angle 
junction caused more reduction on member capacity than corrosion distributed on angle tips. 
Corrosion near mid-span of the specimen resulted in greater decrease of member capacity than 
the cases with corrosion near two ends close to supports. The difference was 10% compared to 
un-corroded specimen.  
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2.1.3 Corroded members under tension, bending, shear, torsion, and biaxial compression 
Many researchers have worked on corroded members under other loads than compression, 
such as tension, bending moment, shear, torsion, and biaxial compression. These studies provided 
a general and broad view of the effects caused by corrosion though they are not uniaxial 
compressive members. 
Paik (2007) conducted a study on the ultimate strength of perforated steel plates under 
edge shear load. Paik ran a series of nonlinear FEA using ANSYS on plates of different aspect 
ratios and thicknesses with varous diameters of perforations. The results of the study indicated 
that the plate aspect ratio (length-to-width) had great effects on the ultimate stregnth of perforated 
plates under shear load. In contrast, the plate thickness was found not a critical factor. Also, the 
hole size of the perforated plate was a main factor affecting the plate capacity. A hole of width 
equals to 0.4 plate width, decreased the plate shear capacity by 85%. An empirical formula was 
proposed by regression analysis of FEA results to estimate the ultimate shear capcity of 
perforated plates.  
Paik (2008) studied plates with perforations under combined biaxial compression and 
edge shear loads. A series of nonlinear FEA were undertaken on plates with different thicknesses. 
It was found that the ultimate interaction relationships of perforated plates between combined 
biaxial compression and edge shear were different from those of un-damaged plates without 
perforation. An empirical formula for the assessment of the ultimate strength interaction 
relationships of perforated plates under combined biaxial compression and edge shear loads was 
proposed based on a series of FEA predictions.  
Huang et al. (2010) used the results of numerical studies to develop a function to predict 
the ultimate capacity reduction of corroded hull plates under biaxial compression. Sensitivity 
study was conducted for the development of a nonliner FE model investigating the effect of the 
shape, distribution, and depth of corrosion pits. Also, solid element and shell element were 
compared on the same configuration of specimens, and the results indicated that both types of 
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elements exhibited the same deformation and stress distribution at the ultimate state. Therefore, 
shell element was selected for further FEA for its efficiency. The authors investigated the 
influences of plate slenderness, loading conditions (compresion, bending, or combined 
compressoin and bending)at the plates edges and the ratio between the transverse and logitudinal 
in-plane stresses on the ultimate strength reduction related to the volumn loss due to corrosion. 
The proposed formula was proven accurate for plates with pit corrosion under biaxial 
compression. 
Appuhamy et al. (2011) obtained the mechanical properties of corroded steel by cutting 
tension coupons from a corroded steel bridge girder. The test results were used to validate the 
results of nonlinear finite element analyses. Based on the experimental and numerical studies, 
equations were proposed to predict the reduction of the yield strength, ultimate strength, and 
energy dissipation of corroded steel bridge girders under earthquake loading (Appuhamy et al., 
2013). 
Saad-Eldeen et al. (2011) evaluated the strength of severely corroded full-scale steel box 
girders by experiments and FEA (Saad-Eldeen et al., 2014).  In their experimental work, 3 box 
girders that could simulate the behavior of mid-ship sections were deteriorated in seawater and 
tested under four-point loading. Validated by experimental results, the numerical model was used 
to evaluate the ultimate strength of two box girders subjected to different corrosion degradation 
levels. Two groups of analyses were conducted for each box girder: consider the corrosion 
degradation as average thickness reduction and consider the real corrosion thickness from 
measurements. The main conclusion was that the average thickness reduction model was suitable 
for predicting the global structural behavior of hull girders while the real corrosion distribution 
model was good for local stress analysis. 
Jiang and Soares (2012) ran a series of nonlinear FEA to investigate the capacity of 
biaxially compressed rectangular steel plates with pit corrosion. They found that the volumn loss 
and loading ratio were the dominant factors affecting the remaining capacity of corroded plates. 
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The authors proposed a formula as well to predict the remaining strength, which was verified 
applicable. 
These previous studies of members with corrosion are generally limited to light-gauged, 
cold-formed steel sections, and small-scaled hot-rolled sections with limited experimental study. 
Full-scale experimental investigation and extensive numerical studies are necessary for in-depth 
understanding of the axial behavior of corroded H-piles. 
2.2 Development of Numerical Framework for Modeling Steel Axial Members 
In order to develop a numerical framework to predict the axial behavior of corroded H-
piles, numerical frameworks of different shapes of axial members were reviewed. The reviewed 
sections include steel channels, angles, hollow sections, and W-shaped sections.  
For steel axial members, shell elements are commonly used over solid element, since the 
thickness is typically much smaller than other dimensions. In some cases, thin shell theory was 
adopted due to the negligible contribution of transverse shear deformation (Avery and Mahendran, 
2000; Yan and Young, 2002; Gardner and Nethercot, 2004). Most of the cases used general-
purpose shell element which uses thick shell theory as the shell thickness is over 1/15 of a 
characteristic length and becomes discrete Kirchhoff thin shell element as the thickness decreases 
(Yan and Young, 2004; Ellobody and Young, 2005; Zhu and Young, 2006; Dinis et al., 2007; 
Ellobody, 2007; Chan et al., 2008; Seif and Schafer, 2009; Dinis and Camotim, 2011; Zhu and 
Young, 2012; Vani et al., 2013). Reduced integration was popularly used by the researchers to 
avoid shear locking and save computational time. However, full integration was also used as it 
does not require hourglass checking like reduced integration. Also, when distortional buckling 
exists, the element with reduced integration underestimates the column distortional post-critical 
strength. This is due to the fact that the reduced integration procedure cannot fully capture the 
column shear stiffness due to the nonlinearity of the wall warping displacements (Dinis and 
Camontim, 2003; Dinis and Camontim, 2004). Sensitivity study on elastic buckling has been 
widely used as the way to determine the appropriate element type and mesh size. However, the 
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author believes sensitivity study based on elastic buckling is not sufficient for inelastic buckling 
analysis. The determined element type and mesh size from elastic buckling analyses may not 
capture the inelastic behavior precisely. Geometric imperfections and residual stresses were 
implemented according to measurements or determined by sensitivity study on nonlinear inelastic 
buckling analysis in studies when measurements were not taken or the maximum tolerance 
defined in specifications and codes. 
Two steps were typically included for numerical analysis of nonlinear stability problems: 
first, elastic eigenvalue analysis to obtain the lowest overall and local buckling modes, which 
were used as initial imperfection shapes in the following analysis; second, nonlinear inelastic 
analysis incorporated with material and geometric nonlinearities to capture the full load-
deformation response (Yan and Young, 2004; Ellobody and Young, 2005; Zhu and Young, 2006; 
Dinis et al., 2007; Ellobody, 2007; Chan et al., 2008; Dinis and Camotim, 2011; Zhu and Young, 
2012; Vani et al., 2013). Another technique to capture the initial global imperfection was to apply 
a transverse load on the member to create a desired lateral deformation. However, initial local 
imperfection (i.e. flange/web out-of-square) was difficult to achieve by this method. For elastic 
analysis, Newton-Raphson method was adopted as the solution scheme. For inelastic analysis, 
particularly for collapse analysis of members with very slender elements, the modified Riks 
method (arc length method) was used as it was more robust than Newton-Raphson method 
(Schafer and Moen, 2010).   
2.2.1 FEA of steel channel columns 
Young and Yan (2002) developed a nonlinear finite element model to investigate the 
strength and behavior of cold-formed lipped channel columns. A finite element nonlinear analysis 
program ABAQUS was used to simulate the fixed-ended cold-formed lipped channel columns. 
The model implemented the measured material properties and initial geometric imperfections 
from their experimental program (Young and Rasmussen, 1998). The material properties were 
determined from tensile coupon tests, and the initial local and overall imperfections were 
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measured from the test specimens before loading. The geometric imperfections were included by 
using a linear perturbation analysis to establish the probable buckling modes of the column, and 
scaling the eigenmodes by a factor (measured maximum magnitudes of local and overall 
imperfections) for nonlinear analysis. Residual stresses were not considered since the 
measurements obtained from Young and Rasmussen (1995, 1998) indicated they were negligible. 
A thin shell element, S4R5, with 4 nodes and 5 degrees of freedom per node, linear shape 
function, reduced integration, was used for the model. The element type and size were determined 
according to a sensitivity study which indicated that the chosen type and size provided best 
prediction. Details of the sensitivity study were not mentioned in the paper. However, the FEA 
predictions were compared to the experimental results from Young and Rasmussen (1998). The 
ultimate loads obtained from FEA closely predicted the experimental results. The mean values of 
the experimental-to-FEA ultimate load ratio were 0.97 and 0.99 with corresponding coefficient of 
variation (COV) of 0.051 and 0.057 for two series of columns, respectively. The axial load-
shortening curves from test and FEA matched perfectly except the post-buckling portion where 
FEA predicted higher capacity compared to test response. This might be caused by the lack of 
residual stresses in FEA and unintentional eccentricity of the test set-up. However, this did not 
have essential effects since the focus of the research was the ultimate load.  
Similarly, Yan and Young (2004) investigated the axial behavior of fixed-ended cold-
formed steel channel columns with complex stiffeners using a non-linear finite element model 
built in ABAQUS. The section consisted of simple lips with return lips. The measured 
dimensions, material properties, and geometric imperfections were implemented in the FE model. 
The model used a four-node shell element, S4R, with 6 degrees of freedom per node, linear shape 
function, general-purpose, reduced integration. The mesh size was chosen based on a sensitivity 
study conducted in Young and Yan’s (2002) previous study. The model was validated by four 
series of experimental results of a total 30 specimens (Yan and Young, 2002). The differences of 
axial capacity obtained from experimental results and FEA predictions were no more than 12%. 
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The FEA provided good agreement of failure modes as well. The load-deformation response from 
FEA and experiments was only compared on one specimen. Although they matched well except 
for the post-peak portion where the experimental results exhibited slightly higher capacity, one 
comparison was not adequately convincing. 
Dinis et al. (2007) presented a numerical investigation about elastic and elastic-plastic 
post-buckling behavior of cold-formed steel lipped channel columns affected by local-
plate/distortional buckling mode interaction. ABAQUS was used for finite element analysis. A 
four-node isoparametric fully integrated shell element S4 was chosen for modeling. A 
preliminary investigation was carried out to determine the level of mesh refinement, according to 
which 0.394 in mm×0.394 in was adopted. Initial geometric imperfections were implemented by 
scaling the elastic buckling mode shapes to nonlinear analysis. The solution schemes for elastic 
and elastic-plastic analyses were Newton-Raphson method and Riks arc-length method, 
respectively. 
In a later research conducted by Dinis and Camotim (2011), the elastic and elastic-plastic 
post-buckling behavior of cold-formed steel lipped channel columns affected by 
distortional/global (flexural-torsional) buckling interaction was investigated. ABAQUS was used 
for FEA and the 4-node shell element S4, full integrated, with linear shape function was still the 
chosen element type. Imperfections were implemented with both global and distortional shapes 
obtained from elastic buckling analysis. 
Schafer et al. (2010) reviewed computational modeling of elastic buckling and nonlinear 
collapse analysis on cold-formed steel members. For nonlinear collapse analysis, an example of 
47.2 in long cold-formed steel lipped channel column was performed by finite element analysis to 
evaluate the influences of element type, mesh density, solver, solution step size, plasticity model, 
number of integration points through thickness, and choice of commercial implementation 
(ABAQUS and ADINA). The results indicated that collapse analysis of cold-formed members 
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was very sensitive to the above parameters. However, computational modeling still plays an 
important role in future research and design of cold-formed steel. 
2.2.2 FEA of steel angles 
Vani et al. (2013) explored the behavior of cold-formed steel plain angle under 
compression numerically using ABAQUS. The material properties were taken from tensile 
coupon test. The 4-node general purpose shell element, S4R, with reduced integration, linear 
shape function was used for analysis. The mesh size was determined as 0.394 in×0.394 in 
according to a sensitivity convergence study. The initial imperfections were taken as the 
measured value. The modified Riks method was used for nonlinear analysis. The model was 
validated by experimental results of 5 specimens as the differences between experimental and 
numerical results were less than 5.7%. The numerical predictions of member capacities were 
compared to the predictions by DSM and EWM from AISI (2007). Both design methods provided 
conservative predictions. In extreme case, the EWM underestimated the capacity by 96%. 
2.2.3 FEA of hollow section columns 
Gardner and Nethercot (2004) conducted numerical modeling of structural response of 
steel hollow sections using ABAQUS, including square, rectangular, and circular hollow sections. 
The objective of the research was to develop a consistent approach to model stainless steel 
structures. The model was implemented with general expressions defined for material stress-
strain relationship, enhanced strength corner properties, initial geometric imperfection modes and 
magnitudes, and residual stresses. A thin shell nine-node with five degrees of freedom per node 
and quadratic shape function, S9R5, was used for analysis. Their research considered the effects 
of residual stresses, initial imperfections (global and local), extent of corner regions. The initial 
global and local imperfection shaped were achieved from an eigenmode analysis and taken as the 
lowest buckling modes of global and local buckling. The complete initial imperfection comprised 
a superposition of the global and local modes. Initial out-of-straightness was taken as L/2000 
according to a parametric study comparing FEA predictions to test results with changing 
28 
magnitudes of overall imperfections. Similar parametric study was conducted to determine the 
residual stresses, although the results indicated that the influence of residual stresses were 
relatively insignificant to the column response. The modified Riks method was used to solve the 
material and geometric nonlinearity. The results demonstrated that the ABAQUS-based FE model 
provided a sound and cost effective alternative to physical testing as a mean of predicting the full 
load-deformation response of steel structural members with hollow sections. 
To investigate the axial compressive behavior of hot-rolled elliptical hollow sections, 
Chan and Gardner (2008) developed a non-linear FE model using ABAQUS. A four-node shell 
element with 6 degrees of freedom per node, linear shape function, and reduced integration, 
designated as S4R, was used for analysis. Sensitivity study based on elastic eigenvalue analysis 
was conducted to choose the suitable mesh size. Three values of initial imperfection were taken 
into consideration, t/10, t/100, and t/500. The value of t/100 was adopted as it showed the best 
agreement with the test results. Residual stresses were not considered. The modified Riks method 
was used to solve geometric and material nonlinearity. The comparisons of ultimate loads and 
axial load-shortening responses between experiments and FEA demonstrated the accuracy of the 
model. Similarly in their later researches, Chan and Gardner (2008) studied the bending behavior 
of elliptical hollow sections and Gardner et al. (2011) investigated the behavior of elliptical 
hollow sections under combined compression and uniaxial bending. 
Zhu and Young (2006) investigated fix-ended aluminum alloy tubular columns of square 
and rectangular hollow sections using finite element program ABAQUS. A four-node shell 
element with reduced integration (S4R) was used based on the evaluation from Yan and Young 
(2004) and Ellobody and Young (2005). Initial overall and local imperfections were implemented 
in the model based on measured geometry. The way of implementing initial imperfections was 
first to obtain the necessary eigenmodes as imperfection shapes from elastic eigenvalue analysis, 
and then scaled them as the imperfections in non-linear analysis. Residual stresses were not 
included because the values were very small for extruded aluminum alloy profiles. This 
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numerical model provided reliable predictions of the axial capacities of studied members. The 
differences between experimental results and FEA predictions were no greater than 16% among 
total 36 specimens, and the differences were less than 10% for 28 out of 36 specimens (Zhu and 
Young, 2006).  
In their later study, Zhu and Young (2012) developed a finite element model to simulate 
the fixed-ended steel column tests of oval hollow sections. The FE model incorporated the initial 
global and local imperfections and material nonlinearity. The researchers used ABAQUS for FEA 
and the element type was also determined as S4R recommended by Yan and Young (2004). 
Comparing with the four series (four types of cross section dimensions) of their test results (Zhu 
and Young, 2011), the mean values of the experimental-to-FEA ultimate load ratio were 1.04, 
1.02, 1.01, and 0.99 with corresponding coefficients of variation of 0.024, 0.053, 0.083, and 0.101 
respectively. The FE model predicted the behavior of cold-formed steel oval hollow section 
columns accurately. A parametric study on a total of 100 columns was performed using the FE 
model. The FEA predicted capacities were compared to strengths calculated using current North 
American, Australian/New Zealand, and European specifications for cold-formed steel members. 
Generally the design methods from specifications overestimated the column strength. The mean 
values of ratios of FEA predictions to calculations from three specifications were 0.89, 0.89, and 
0.90, with the coefficients of variation (COV) of0.076, 0.076, and 0.100, respectively. However, 
for compact oval hollow sections, the predictions from design specifications were slightly 
conservative. 
Ellobody and Young (2005) developed a finite element model for prediction of stainless 
steel columns with square and rectangular hollow sections. The software ABAQUS was used. 
Two steps of analyses were conducted: first a linear elastic eigenvalue analysis was performed to 
obtain the lowest buckling mode; second a nonlinear analysis was conducted incorporated with 
geometric and material nonlinearity. The initial imperfection shapes were adopted from the 
eigenmode shapes from elastic analysis. A general-purpose 4-node shell element, S4R, with 6 
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degrees of freedom, reduced integration, linear shape function was used for the model. 
Convergence studies were conducted to determine the mesh size. The results indicated that 0.787 
in×0.394 in mesh provided adequate accuracy and minimum computational time. Measured 
residual stresses were implemented in the model as well. A total of 22 cold-formed high strength 
stainless steel hollow columns were analyzed and compared to the experimental results. A 
maximum difference of 8% was observed between experimental results and FEA predictions, 
which indicated the accuracy of the FE model. Ellobody (2007) further used this FE model to 
investigate the buckling behavior of cold-formed high strength steel stiffened slender square and 
rectangular hollow section columns.   
2.2.4 FEA of W-shaped columns 
Seif and Schafer (2009) conducted a FEA on hot-rolled steel members using AISC W14 
and W36 sections. The study focused on collapse response of short columns and beams with 
slender elements that failed by local buckling. An elastic buckling analysis was performed as 
sensitivity study on element type and mesh size indicated that the “S4” element provided in 
ABAQUS with normal mesh size (ten elements along the depth of web and ten elements along 
the width of flange) delivered adequate accuracy for hot-rolled steel section in their study. The S4 
element has six degrees of freedom per node and linear shape function, incorporates finite 
membrane strains, and its shear stiffness is yielded by full integration. Local imperfections and 
residual stresses were considered in the model. The local imperfections were determined 
according to manufacturing tolerances (ASTM A6/A6M-04b, 2003). However, Seif and Schafer 
used elastic buckling analysis to perform the sensitivity study to determine the element type and 
mesh size, which might not be representative for nonlinear analysis, especially for non-prismatic 
member like corroded H-pile. Also, this is a study focused on short length column in which 
global imperfections were ignored and only local imperfections were taken into consideration. 
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2.2.5 FEA of steel frame 
Avery and Mahendran (2000) presented a detailed description of shell finite element 
distributed plasticity model for steel frame structures composed with non-compact sections. The 
model was built in ABAQUS and a thin, shear flexible, isoparametric, quadrilateral shell with 4 
nodes and 5 degrees of freedom per node, utilizing reduced integration and bilinear interpolation 
schemes element was used for analysis. Also a R3D4 rigid surface element was used to create 
pinned member end restraints, which was a rigid quadrilateral element with 4 nodes and 3 
translational degrees of freedom per node. The model was verified by experimental results 
conducted by the authors (Avery and Mahendran, 2000), which demonstrated that the shell finite 
element model accurately represented distributed plasticity resulting from the combined effects of 
applied axial force and bending moment, residual stresses, and local buckling.  
The FEA exhibited as a reliable approach for predicting ultimate load, failure mode, and 
load-displacement response of axial members with different types of sections. However, the 
results were sensitive to parameters related to simulation techniques, including element type, 
mesh size, material modeling, initial imperfections and stresses, solver, and step size. The 
validated models listed above were developed for prismatic members rather than the steel pile 
with localized corrosion studied in this dissertation. The sensitivity studies to determine the 
element type and mesh size were conducted for elastic analysis, however, it does not guarantee 
the accuracy for inelastic analysis, especially for non-prismatic piles studied in this dissertation. 
Therefore, a numerical framework for predicting the capacity of H-piles with localized reduction 
was developed in this research. 
2.3 Current Repair Systems 
To fulfill the second aim of this research, development of a steel-based plating repair 
system, current plating rehabilitation methods are reviewed in this section. Traditional plating 
rehabilitation approaches for steel members are bolted and welded steel plates. The design 
procedures of these methods are straightforward and well specified in current codes and 
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specifications. However, for underwater rehabilitation of steel piles, welding is not preferred due 
to cost and quality considerations. Bolting plates to original member is labor intensive and 
drilling many holes in an already corroded pile is often not preferred by engineers and owners.  
FRP sheets have been investigated for steel member retrofit, due to their high strength-to-
weight ratio and ease of application. Research on the use of FRP sheets to repair steel columns 
has been broadly conducted. Shaat and Fam (2006) investigated the behavior of CFRP sheets 
strengthened short and long square hollow section columns. The study investigated the effects of 
types of CFRP, fiber orientation, and number of layers by experimental study on 27 short 
columns and five long columns. The results indicated that while CFRP increased the axial 
capacity of short and long square hollow columns, transversely wrapped FRP was more efficient 
than FRP oriented in longitudinal direction for short columns. Further, retrofitted long columns 
failed by excessive global buckling, which was more correlated to the initial imperfection than 
the number of layers of CFRP.  
Teng and Hu (2007) demonstrated that GFRP jacket was effective for retrofit circular 
hollow steel tubes under axial compression. Both experimental and numerical results demonstrate 
that the FRP jackets significantly increase the ultimate load and ductility of circular hollow steel 
tubes; while FEA results indicate the effectiveness of FRP jacket strengthening thin cylindrical 
shells under combined axial compression and internal pressure.  
Young et al. (2006), Silvestre et al. (2008) carried out both experimental and numerical 
investigations on lipped channel columns strengthened by CFRP. The study indicates that 
longitudinally oriented CFRP is more beneficial to increase ultimate loads than transversely 
oriented. Further, the increment of ultimate capacity is proportional to the number of layers of 
CFRPs.  
Kim and Harries (2011) strengthened steel T-section members with CFRP strips and 
tested them in axial compression. The results indicated that the CFRP strips effectively reduced 
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the stresses at the web-flange junction where critical hysteretic stress concentrations could occur. 
Increment of layers of CFRP had no influence on the tee-section axial members. 
Siddique and Damatty (2012) studied the enhancement in buckling capacity of steel 
plates repaired by GFRP plates numerically. The retrofitted plate capacity was governed by the 
ultimate shear capacity of the adhesive, ultimate axial capacity of the GFRP, or instability of the 
system. The failure mode was found depending on the slenderness ratio of the plate and the 
thickness of the GFRP.  
However, as one most critical factor that governs the failure, bond between FRP and steel 
is difficult to control on site (Teng et al., 2012). Since the adhesion strength of steel/adhesive 
interface is highly sensitive to the surface preparation, bonded FRP repair system may not be 
effective or applicable for underwater applications like bridge piles. In contrast, clamped steel 
plates attached to the steel piles through friction provided by pre-tensioned high strength bolts 
may not have this disadvantage. The method may be suitable for underwater rehabilitation of 
steel piles because it is easy to install, immediately effective after installation (does not require a 
curing time), and maintains the integrity of the original member. The friction-type bolted plates 
repair system has not been commonly used in practice. Therefore, the axial behavior of the 
repaired members was investigated and a design model for the repair system was proposed. 
2.4 Conclusions 
This chapter summarizes studies on corroded steel members, studies on development of 
numerical framework of steel axial members, and current repair systems for corroded piles. 
Experimental and numerical studies on corroded steel members were reviewed. Table 2.1 
summarizes studies on corroded steel members of different shapes, with different deterioration 
patterns, and under different loads. The table indicates that corroded steel plates and angles have 
been comprehensively studied. Typical reduction patterns due to corrosion have been investigated 
for plates and angles. Further investigations should be expected for other shapes of steel members. 
As the focus of this dissertation, W-shaped steel member’s compressive behavior has been 
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studied in cases of members with uniform corrosion along entire length, members with localized 
flange width reduction, and small-scale members with localized flange/web thickness reduction. 
The first case does not represent the situation of aging bridge piles, which showed severe 
corrosion concentrated around the water lever. The second case decreased the slenderness of 
flange despite of the reduction of cross sectional area, which is not representative of the effect of 
corrosion on flange and web thickness. The third case represented the corroded bridge piles well 
but at small-scale. Therefore, this dissertation investigates HP-shaped compressive members with 
localized flange and web thickness reduction by full-scale experiments.  
Table 2.1 Studies on corroded steel members 
 
Section Deterioration Load References 
Plate pit corrosion compression Paik et al. (2003);  
Nalai et al. (2004); 
Ok et al. (2007) 
  biaxial compression Huang et al. (2010);  
Jiang et al. (2012) 
 perforation shear Paik et al. (2007);  
Paik et al. (2008) 
  tension Appuhamy et al. 
(2011) 
Angle ununiformed corrosion 
along entire length 
compression Beaulieu et al. 
(2005) 
 uniformly thickness 
reduction 
compression Oszvald and Dunai, 
2012) 
 pit corrosion   
 localized thickness 
reduction 
  
Channel perforation compression Rhodes and 
Schneider (1994); 
Rhodes  and 
Macdonald (1996); 
Pu et al. (1998); Pu 
et al. (1999) 
Doubly-
symmetri
c I-shape 
localized width reduction compression Liu et al. (2005) 
 localized thickness 
reduction 
compression Karagah et al. (2015) 
 thickness reduction along 
entire member 
bending moment Sharifi  and 
Rahgozar (2010) 
Box ununiformed corrosion 
along entire length 
bending moment Saad-Eldeen et al. 
(2011); Saad-Eldeen 
et al. (2014) 
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For the reason that current design methods in specifications and codes show conservative 
predictions of the remaining capacity of the corroded members, a numerical framework is needed 
to accurately predict the axial capacity of corroded members. Review of numerical techniques of 
evaluation of axial metallic members conducted by other researchers indicates critical effects of 
the selection of element type, mesh size, solution scheme, and how to implement geometric 
imperfections and residual stresses. It is demonstrated that the numerical framework is quite 
sensitive to above parameters. The most related numerical model is for W14 and W36 columns 
with reduction along entire length developed by Seif and Shafer (2009). However, member with 
localized flange/web thickness reduction may behave totally differently from uniformly degraded 
members. Therefore, a numerical framework to evaluate hot-rolled H-piles with localized 
deterioration was developed in this dissertation, which will be presented in chapter 3 and 4.  
Existing plating repair methods are reviewed and their advantages and disadvantages are 
presented. As a more suitable repair method for underwater retrofit of steel piles, friction-type 
bolted plates repair system was proposed and will be illustrated in detailed of design procedure, 
experimental and numerical studies in the fifth and sixth chapter. 
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CHAPTER 3 EXPERIMENTAL STUDY OF CORRODED H-PILES 
As part of the overall study that includes: experimental and numerical investigations on 
corroded and retrofitted H-piles, this chapter presents the experimental program of full-scale 
corroded H-piles. These piles have different degrees of deterioration with the aim to investigate 
the behavior of locally corroded piles under axial compression. The test specimens, material 
properties, test setup, and instrumentations are described and the test results are discussed. The 
results obtained from the experimental study were used (1) as a validation for the numerical 
framework presented in Chapter 4, and (2) as a control group for further experimental program of 
the repair system presented in Chapter 5.  
3.1 Experimental Program 
The experimental program consisted of seven full-scale H-piles loaded under axial 
compression to failure. The seven piles included one control pile with no damage and six piles 
with different degrees and extents of simulated corrosion. The test variables were reduction of 
flange thickness and web thickness at the corroded region, and the extent of corrosion. The flange 
width reduction was not considered due to its negligible effect on axial capacity of corroded piles 
according to the results of small-scale W-shaped piles tested by Karagah et al. (2015). Reduction 
of the flange width decreases the cross-sectional area of the member at the corroded region and 
decreases the slenderness of the flange locally. This was found previously to shift the location of 
local buckling away from the section with reduced width. The test matrix, materials, test set-up, 
and instrumentations are described in the following sections. 
3.1.1 Test matrix 
3.1.1.1 Section size and effective length 
The research group visited four representative field sites in Texas and summarized the 
section sizes and clear lengths of observed piles in Table 3.1. The cross-section HP12×53 was 
selected for experimental study as it is a commonly used section in the TxDOT bridge inventory 
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(L. Flournoy, personal communication, 2011). The length of tested piles was determined as 
follows.  
Figure 3.1 shows a schematic view of a portion of bridge including a deck, bent caps, and 
two rows of piles. The clear length (l) of a pile is considered as the distance from ground to the 
bottom surface of the bent cap. The top side of a pile, which is partially embedded in the bent cap, 
is considered to be able to rotate about both strong and weak axes but no displacement. Since the 
base of the pile is embedded in the soil, the soil provides lateral restraint to the base of the pile. 
As such, the boundary conditions at the base of the pile must be carefully considered. A 
commonly accepted approach is to define a depth of fixity (Lf) below the soil surface at which the 
pile can be assumed to be fully fixed (translations and rotations prevented) as illustrated in Figure 
3.1. This length of fixity depends on the relative stiffnesses between the pile and the soil in which 
is embedded. As such, it is a function of the soil type, and the flexural stiffness of the pile EpIp. 
The length of fixity Lf is calculated by the method adopted in AASHTO (2012) for soft clay soil 
type using Eq. 3.1, 
 𝐿𝐿𝑓𝑓 = 1.4 �𝐸𝐸𝑝𝑝𝐼𝐼𝑝𝑝𝐸𝐸𝑠𝑠 �0.25, Eq. 3.1 
where Ep and Es are moduli of elasticity of pile and soil (tons per square foot), respectively, and Ip 
is moment of inertia of the pile in the plane of buckling in (ft4).  
The effective length of the pile is calculated by adding the length of fixity, Lf , to the clear 
length of the pile, l, and multiplying by the effective length factor k, as recommended by 
AASHTO (2012). Table 3.1 presents the calculated effective lengths and slenderness ratios of 
observed piles about their strong and weak axes. Inspection of Table 3.1 indicates that the failure 
of all the piles will be dominated by flexural buckling about their weak axes. Considering that the 
TxDOT bridge inventory is reasonably expected to include longer piles than those observed, the 
maximum slendereness ratio of the HP12×53 piles was calculated as 38.1 and 59.8 about strong 
and weak axes, respectively. Hence, the pile was dominated by weak axis buckling with an 
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effective length of 14.3 ft in that direction. Considering the limitation of the length of test frame, 
the length of the tested piles were determined as 15ft with pin-pin boundary condition 
corresponding to a slenderness ratio of 63 about weak axis of the cross section. 
Table 3.1 Measured clear lengths of bridge piles 
Bridge Pile Designation 
Pile Clear 
Length [ft] 
Pile Effective Length [ft] Slenderness Ratio 
Strong Axis Weak Axis Strong Axis Weak Axis 
1 HP 10x42 9.7 12.6 11.3 36.7 56.0 
1 HP 12x53 6.2 11.2 9.5 26.7 39.8 
1 HP 14x73 15.4 18.8 16.9 38.5 58.3 
2 HP 12x53 10.5 14.2 12.5 33.8 52.5 
2 HP 14x73 16.6 19.6 17.8 40.3 61.2 
3 HP 12x53 12.5 15.6 13.9 37.2 58.3 
4 HP 12x53 13 15.9 14.3 38.0 59.8 
 
 
 
Figure 3.1 Schematic view of bridge piles and buckling modes 
 
3.1.1.2 Deterioration pattern 
Except for the control pile with no corrosion, the degrees of section loss of the remaining 
six piles were determined based on the measurements from filed observation: (1) the flange and 
web reductions due to corrosion are comparable and (2) degrees of corrosion are within a wide 
range from relatively minor corrosion to near total section loss. Therefore, three different degrees 
of flange thickness reduction were selected, 0%, 40%, and 80%; four different degrees of web 
thickness reduction were investigated, 0%, 20%, 60%, and 100% which indicated a total section 
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loss (void) on the web. For an HP12×53 section, the flange is at the limit of non-slender section 
and any reduction on flange thickness results in slender flange(AASHTO, 2012); and web 
becomes slender element when more than 41% thickness is reduced. 
Table 3.2 shows the test matrix of this particular study. Each pile was assigned a two or 
three part designation. The first number of the pile designation indicates the percentage of 
reduction of the flange thickness, while the second number indicates the percentage of reduction 
of the web thickness. The extent of the reduction was determined as 1 ft centered at the third-
height of the pile, as shown in Figure 3.2(a). The third part of the designation, if present, “V” 
indicates a 2in void in the web, as shown in Figure 3.2(b), or “3” indicates the extent of corroded 
region, Lcr, was 3 ft not 1 ft. A computer network control (CNC) mill was used to reduce the 
thicknesses of flange and web, as shown in Figure 3.3. The measured thicknesses of the reduced 
flanges and web are presented in Table 3.2. 
Table 3.2 Test matrix of HP12×53 corroded piles 
Pile 
designation 
Extent of 
corrosion 
Flange 
reduction 
Web 
reduction 
Measured flange 
thickness 
Measured web  
thickness 
Un-corroded Corroded Un-corroded Corroded 
Lcr [ft] [%] [%] tf [in] tf,c [in] tw [in] tw,c [in] 
0/0 None 0 0 0.458 -- 0.433 -- 
0/20 1 0 20 0.460 -- 0.442 0.375 
40/20 1 40 20 0.440 0.289* 0.437 0.308 
40/60 1 40 60 0.434 0.242* 0.426 0.161* 
80/60 1 80 60 0.432 0.101* 0.430 0.187* 
80/60/V 1 80 100 0.432 0.115* 0.430 0.000 
80/60/3 3 80 60 0.431 0.142* 0.428 0.176* 
*Slender flange or web.  
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Figure 3.2 Schematic view of the corroded piles (not to scale) 
 
 
Figure 3.3 Milling process to simulate corrosion of piles 
 
3.1.2 Material properties 
Tension coupons were tested to determine the material properties of the test piles. Four 
coupons were tested according to ASTM A370 (2014). Three of the coupons were taken from the 
flanges of the pile and one from the web. The coupons were tested in a 400-kip capacity Tinius-
Olsen universal testing machine at displacement rates of 0.025 and 0.2 in/min in the elastic and 
plastic regions, respectively. The measured load values were divided by the cross-sectional area 
to obtain the axial stress. An extensometer of 2 in gage length (EPSILON model 3542) was used 
to measure the axial deformation within the gauge length of the coupon. Data was collected using 
a Vishay Precision Group System 7000 data acquisition system with a flexible finite impulse 
(a) Corroded pile with no void on web (b) Corroded pile with void on 
      
 
(a)Milling flange thickness (b)Milling web thickness 
Reduced 
flange 
Reduced 
web 
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response (FIR) filter enabled and using a data sampling rate of 10 samples/second (Vishay, 2011). 
No filter was used for post-processing.  
Figure 3.4 illustrates the measured stress-strain relationships of the four coupons. The 
obtained stress-strain curve of the coupon cut from web exhibits higher strength without 
phenomenon distinct yield plateau, while the coupons cut from flanges exhibit a distinct yield 
plateau and lower strength. This phenomenon was also observed in material property tests of 
small-scale piles (Karagah et al., 2015). The possible reason may be the varied magnitudes and 
distributions of residual stresses in flange and web. The modulus of elasticity was obtained by 
fitting the slope of the elastic portion of the stress-strain curve. The yield strength was obtained 
by the 0.2% offset method.  
 
 
Figure 3.4 Stress-strain curves of four tension coupons 
 
Table 3.3 presents the elastic moduli, yield and ultimate stresses, and ultimate strains of 
the four coupons. The mean value and coefficient of variation (CoV) of the three coupons cut 
from flange were calculated. 
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Table 3.3 Material properties of tested steel piles 
Coupon location Elastic modulus [ksi] 
Yielding stress 
[ksi] 
Ultimate stress 
[ksi] 
Ultimate strain 
[in/in] 
Flange 28,700 52.0 66.0 0.18 
Flange 29,500 53.0 67.0 0.16 
Flange 27,100 52.0 67.0 0.16 
Mean 28,400 52.5 66.5 0.17 
CoV 1% 1% 4% 7% 
Web 32,000 60.5 71.0 0.08 
 
3.1.3 Test set-up and instrumentations 
The piles were tested in a specially designed self-reacting test frame, shown in Figure 3.5, 
which consisted of a steel reaction frame, 600-kip capacity double-acting hydraulic jack and a 10-
ksi electric pump (Enerpac model ZE4204MB) connected to the jack (Enerpac model CLRG3006) 
to provide/release oil pressure. The setup was designed to test the piles in a simply supported 
configuration with pins oriented such that the piles were free to rotate about their weak axes. The 
rotation about the strong axes of the piles was restrained to ensure that the piles failed by 
buckling about their weak axes if flexural buckling governed. The specimens were loaded 
manually at a rate of 15 kips per minute (5 kips every 20 seconds) until the peak load was 
achieved and the descending portion of the load-deformation curve was identified. 
Figure 3.6 illustrates the instrumentation of the test. Three 200-kip load cells (Futek 
model CLC-200k) were mounted behind the jack in a triangular pattern to measure the applied 
load, as shown in Figure 3.6(a) and Figure 3.6(b). Four string potentiometers (Unimeasure model 
number PB-20) were installed at the four corners of the supporting plates for the specimen, as 
shown in Figure 3.6(c). The jack, load cells, and four string potentiometers were all centered at 
the centroid of the specimen. Therefore, the axial applied load was taken as the sum of the values 
of three load cells, while the axial shortening of the specimen was taken as the average value of 
the four string potentiometers. Strain gauges were attached on both sides of the tips of flanges and 
center point of the deteriorated web to monitor the axial strain and justify occurrence of local 
buckling during tests. Data was collected using a Vishay Precision Group System 7000 data 
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acquisition system with a flexible finite impulse response (FIR) filter enabled and using a data 
sampling rate of 10 samples/second (Vishay, 2011). No filter was used for post-processing. 
 
Figure 3.5 Test frame 
 
Figure 3.6 Instrumentations 
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3.2 Test Results and Discussion 
This section presents a summary the axial capacities, axial stiffness, and failure modes of 
all seven of the corroded control test piles. The axial load-deformation responses of the seven 
piles are shown in one figure to achieve a general understanding of the axial capacity reduction 
due to corrosion. Then detailed experimental observations of each pile are presented in this 
section. The effects of the reduction of flange and web thickness and the extent of the corrosion 
on the remaining axial capacities of piles and their compressive behaviors are discussed in this 
section.  
3.2.1 Axial capacity and stiffness 
Figure 3.7 presents the axial load-shortening relationships of all seven piles. The 
horizontal axis refers to the measured axial deformation and the vertical axis indicates the applied 
axial load. Different piles are indicated by arrows pointing to the pile designations. Table 3.4 
summarizes the axial capacity (Pcr), axial stiffness (Kcr), and failure mode of each pile. The 
subscript cr indicates corroded pile, and P0/0 and K0/0 refer to axial capacity and stiffness of Pile 
0/0, respectively. Piles with non-slender flange or web (width-to-thickness ratio satisfies the 
limitation specified in AISC 2011), 0/0 and 0/20, failed by flexural buckling. Inspection of Figure 
3.7 indicates that a 20% reduction of the web thickness did not significantly reduce the axial 
capacity of the pile. However, as the flange thickness reduction increased, flange became slender 
and flange local buckling dominated the failure of the pile. The peak loads of pile 40/20 and 
40/60 decreased by 30% and 47%, respectively, compared to un-corroded control pile. The 
significant capacity loss of pile with 40% reduction of flange thickness was caused by two 
reasons: (1) the loss of cross-sectional area, (2) the loss of weak axis moment of inertia of the 
section which was mainly due to the loss of flange thickness, and (3) the slender flange 
contributed less stiffening effects of the web. When flange reduction increased to 80%, i.e. 80/60, 
80/60/V, and 80/60/3, reductions of the axial peak load were up to 70%, 80%, and 75%, 
respectively, as compared to control specimen. Comparing the axial capacities of pile 80/60 and 
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pile 80/60/3 indicates that increase of the extent of deteriorated region by three times only 
reduced the axial capacity by 13%. The reduction of axial capacity is due to the lower plate 
buckling strengths of the corroded flange and web caused by their greater aspect ratios, which 
also resulted in a higher order mode of plate buckling (Lundquist and Stowell, 1942; Timoshenko 
and Gere, 2009). Pile 80/60/V exhibited a one-way bending of the two pieces of flanges at the 
void region. This phenomenon was due to the lack of web at the void region, which caused a 
lower strength of the flange one-way bending than flexural or plate local buckling. Detailed 
observations and discussions are illustrated in the following section. 
According to ratios of the axial stiffness of piles with reduction to that of un-corroded 
control pile in Table 3.4, the decreases of axial stiffness of the corroded piles with 1 ft extent of 
reduction did not exceed 30% compared to the un-corroded control specimen, even with 82% 
reduction of cross-sectional area (Pile 80/60/V). This is mainly because the extent of degradation 
is only 1/15 of the total length of the piles. Pile 80/60/3 exhibited more decrease on the stiffness. 
Its axial stiffness reduced 41% compared to pile 0/0. The dominant reason is that the extent of 
degradation increases to 1/5 of the total length of the pile. Factors like geometric imperfections of 
the pile and unintentional eccentricities of the load have effects on the axial stiffness as well. 
 
Figure 3.7 Axial load-shortening relationships of corroded piles 
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Table 3.4 Axial capacity, stiffness, and failure modes of corroded piles 
Pile 
designation 
Axial capacity 
Pcr/P0/0 
Axial stiffness 
Kcr[k/in] 
Kcr/K0/0 
Failure 
mode Pcr[kips] 
0/0 623 1.00 2776 1.00 FBa 
0/20 604 0.97 2816 1.01 FB 
40/20 435 0.70 2448 0.88 FLBb 
40/60 333 0.53 2520 0.91 FLB/WLBc 
80/60 182 0.29 2001 0.72 FLB/WLB 
80/60/V 125 0.20 1930 0.70 FOWBd 
80/60/3 159 0.26 1645 0.59 FLB/WLB 
aFlexural Buckling; bFlange Local Buckling; cWeb Local Buckling; dFlange One-way Bending.  
 
3.2.2 Experimental observations 
3.2.2.1 Pile 0/0 
The un-corroded control pile 0/0, was loaded up to 623 kips and failed by flexural 
buckling. Figure 3.8(a) shows the failed pile and Figure 3.8(b) shows its axial load-deformation 
response. The axial load-deformation response shown in Figure 3.8(b) is black dots connected by 
a dashed line. The black dots are data points collected during test, and they are connected by a 
dashed line (though not obvious in this case) for visual convenience. The maximum lateral 
deformation was observed at mid-span of the pile. The nominal capacity predicted by the design 
method in AASHTO (2012) is 603 kips implementing the measured dimensions and material 
properties, which is 3% lower than tested capacity. The difference may be caused by the 
magnitude of residual stresses and geometric imperfection between assumption in AASHTO 
(2012) and the tested pile. The design method in AAHSTO (2012) conservatively assumes 30% 
of the yield stress as the compressive residual stress at the tips of flanges. The permissible value 
of out-of-straightness specified in AASHTO is L/1500, where L is the length of the compression 
member. 
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Figure 3.8 Deformed pile and axial load-deformation response of Pile 0/0 
 
3.2.2.2 Pile 0/20 
Pile 0/20 was loaded up to 603 kips and failed by flexural buckling. Figure 3.9(a) shows 
the deformed pile and Figure 3.9(b) shows its axial load-deformation response. The failure mode 
is the same as the un-corroded control pile, as shown in Figure 3.8(a). Although 20% reduction 
on web thickness was simulated along 1 ft extent at the third-height of the pile, flanges and web 
were still non-slender. The axial peak load is 3% lower than un-corroded control pile due to the 
loss of cross sectional area at the corroded region. 
 
 
Figure 3.9 Deformed pile and axial load-deformation response of Pile 0/20 
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3.2.2.3 Pile 40/20 
Pile 40/20 was loaded up to 435 kips and failed by flange local buckling. Figure 3.10(a) 
shows the deformed pile and Figure 3.10(b) shows its axial load-deformation response. The 
lateral displacement shown in Figure 3.10(a) was observed after peak load, and the maximum 
lateral displacement happened at the corroded section. Figure 3.11(a) presents the reduced section 
before and after failure. Two strain gauges were installed on the top and bottom surfaces of one 
flange tip as shown in Figure 3.11(a), to indicate the occurrence of local buckling. Figure 3.11(b) 
shows the values of the two strain gauges during the test. The vertical axis shows the applied 
axial load, and the horizontal axis illustrates the magnitudes of the strain gauges on top and 
bottom surfaces of the flange tip. The solid line indicates the strain gauge on the bottom surface, 
marked as ‘Bottom SG’, and the dash line indicates the strain gauge on the top surface, marked as 
‘Top SG’. The three red horizontal dash lines refer to three load levels at the time of testing. The 
tips of the reduced flange started to buckle at the load level of 366 kips, when bifurcation 
occurred between the top and bottom strain gauges mounted on the tip of upper flange, shown in 
Figure 3.11(b). At the load level of 421 kips, the yielding of flange tip initiated, which causes the 
onset of nonlinearity of the load-deformation response of the entire pile shown in Figure 3.10(b). 
The onset of nonlinearity was taken as the initiation of the slope change of the axial load-
deformation curve. After the section deformation caused excessive yield strain, the values 
obtained from strain gauge were not reliable due to partial detachment between strain gauge and 
deformed steel surface. After reaching the peak load, the reduced section failed by flange local 
buckling and the lateral displacement increased substantially which led to the dramatic drop of 
measured axial load, as shown by the dashed line in Figure 3.10(b). 
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Figure 3.10 Deformed pile and axial load-deformation response of Pile 40/20 
 
 
 
Figure 3.11 Buckled flange of Pile 40/20 
 
3.2.2.4 Pile 40/60 
Pile 40/60 was loaded up to 333 kips and failed by flange and web local buckling. Figure 
3.12(a) shows the failed pile and Figure 3.12(b) shows its axial load-deformation response. The 
lateral displacement happened after the peak load. Figure 3.13(a) and Figure 3.13(b) presents the 
flange and web local buckling. Two strain gauges were installed on the top and bottom surfaces 
of one flange tip, referred as ‘Flange top’ and ‘Flange bottom’ in Figure 3.13(c); and two strain 
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gauges were attached on two sides of the reduced web at the center, marked as ‘Web north’ and 
‘Web south’, as shown in Figure 3.13(c), to indicate the occurrence of local buckling. Figure 
3.13(c) shows the values of the four strain gauges during the test. The vertical axis shows the 
applied axial load, and the horizontal axis illustrates the magnitudes of the strain gauges on flange 
and web. The blue solid line and dash line indicate the strain gauges on the top and bottom 
surfaces of the flange tip, respectively. The black solid and dash line indicate the strain gauges on 
south and north side of the web, respectively. The two straight red horizontal dash lines refer to 
two load levels during testing. At the load level of 313 kips, both flange tip and center of web 
buckled according to the bifurcations occurred between the top and bottom strain gauges mounted 
on the tip of the flange, and the two strain gauges installed on both sides of the web, shown in 
Figure 3.13(c). When it reached the peak load, the reduced section failed by flange local buckling 
and the lateral displacement increased substantially which led to the dramatic drop of measured 
axial load as shown by the dashed line in Figure 3.12(b).  
 
 
Figure 3.12 Deformed pile and axial load-deformation response of Pile 40/60 
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Figure 3.13 Flange and web local buckling of Pile 40/60 
 
3.2.2.5 Pile 80/60 
Pile 80/60 was loaded up to 182 kips monotonically and failed by flange and web local 
buckling. Figure 3.14(a) shows the failed pile and Figure 3.14(b) shows its axial load-deformation 
response. The lateral displacement was observed after the peak load. Figure 3.15(a) presents the 
flange and web local buckling. Two strain gauges were installed on the top and bottom surfaces 
of one flange tip, referred as ‘Flange top’ and ‘Flange bottom’; and two strain gauges were 
attached on two sides of the reduced web at the center, marked as ‘Web north’ and ‘Web south’, 
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as shown in Figure 3.15(b), to indicate the occurrence of local buckling. Figure 3.15(b) shows the 
values of the four strain gauges during the test. The vertical axis shows the applied axial load, and 
the horizontal axis illustrates the magnitudes of the strain gauges on flange and web. The blue 
dashed line and solid line indicate the strain gauges on the top and bottom surfaces of the flange 
tip, respectively. The black solid and dashed lines indicate the strain gauges on south and north 
side of the web, respectively. The two red horizontal dashed lines refer to two load levels during 
testing. At the load level of 67 kips, both flange tip and center of web started to buckle, according 
to the bifurcations occurred between the top and bottom strain gauges mounted on the tip of the 
flange, and the two strain gauges installed on both sides of the web, shown in Figure 3.15(b). 
After the peak load, 182 kips, the reduced section failed by flange local buckling and the lateral 
displacement increased substantially which led to the dramatic drop of measured axial load as 
shown by the dashed line in Figure 3.14(b). 
 
 
Figure 3.14 Deformed pile and axial load-deformation response of Pile 80/60 
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Figure 3.15 Flange and web local buckling of Pile 80/60 
 
3.2.2.6 Pile 80/60/V 
Pile 80/60/V was loaded up to 125 kips monotonically and failed by flange local buckling 
followed by one-way bending. Figure 3.16(a) shows the failed pile and Figure 3.16(b) shows its 
axial load-deformation response. The lateral displacement was observed after the peak load. The 
change of slope in the axial load-deformation response was attributed to the top and bottom 
flanges at the corroded section did not fail at the same time due to the difference of their 
thicknesses and probable unintentional eccentricity of the test set-up. The bottom flange failed 
prior to the top flange (details will be illustrated later), so the axial stiffness decreased at the load 
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of 109 kips when bottom flange stopped its contribution. Figure 3.17(a)-(d) illustrate the 
deformations of corroded section at different load levels, and Figure 3.17(e) presents the axial 
strains obtained from the strain gauges attached on the flanges, where the horizontal axis shows 
the time of testing and the vertical axis illustrates the magnitudes of the strain gauges. The solid 
and dash line indicate the strain gauges on top and bottom flanges, respectively. The two straight 
vertical dash lines refer to two load levels during testing: 109 kips where the slope of axial load-
deformation curve changes and the peak load 125 kips. As shown in Figure 3.17(a), two strain 
gauges were attached at the center of the reduced flanges on the top and bottom surfaces, referred 
as ‘Flange top center’ and ‘Flange bottom center’ in Figure 3.17(e). Figure 3.17(b) shows the 
flange local buckling at the beginning of loading. At this time, the shape of the void was still 
rectangular. This is because the center of the flanges was supported by the rest of the fillets 
although web was totally milled, while the free edges of the flanges buckled locally. Figure 
3.17(c) shows the one-way bending happened first to the bottom flange at the load level of 109 
kips, which can also be identified from the axial strain value shown in Figure 3.17(e). Yielding of 
the center region of the bottom flange caused a minor drop of the axial load, followed by a 
decrease of the axial stiffness, shown in Figure 3.16. Figure 3.17(d) shows the deformed section 
after failure. Both top and bottom flanges exhibited one-way bending failure along the x-x axis 
(shown in Figure 3.17(d)) at the junction regions of flanges and web, as the reduced section (only 
two pieces of flanges left) had greater moment of inertia about x-x axis than y-y axis.  
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Figure 3.16 Deformed pile and axial load-deformation response of Pile 80/60/V 
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Figure 3.17 Flange local buckling and one-way bending of Pile 80/60/V 
 
3.2.2.7 Pile 80/60/3 
Pile 80/60/3 was loaded up to 159 kips monotonically and failed by flange and web local 
buckling. Figure 3.18(a) shows the failed pile and Figure 3.18(b) shows its axial load-deformation 
response. The lateral displacement was observed after the peak load. Figure 3.19(a)-(b) illustrate 
the corroded section before and after failure. The local deformation shape of the 80/60/3 
exhibited higher order of buckling, due to the increase of the aspect ratio of the buckled flange. 
 
 
Figure 3.18 Deformed pile and axial load-deformation response of Pile 80/60/3 
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Figure 3.19 Flange local buckling and one-way bending of Pile 80/60/V 
 
3.3 Conclusions 
Seven full-scale H-piles with different reduction degrees and patterns at localized region 
were tested under axial compression. The effects of reduction on flange and web thickness and 
extent of corroded region were investigated. The obtained conclusions are summarized as follows: 
1) A 20% reduction of the web thickness did not significantly reduced the axial capacity 
of a pile. However, as the reduction of the flange thickness increased and the flange became 
slender, the axial capacity of the pile decreased significantly due to (1) the loss of cross-sectional 
area, (2) the loss of weak axis moment of inertia of the section which was mainly due to the loss 
of flange thickness, and (3) the slender flange contributed less stiffening effects of the web. 
2) Extent of corroded region decreased the axial capacity because a greater aspect ratio 
decreased the plate buckling strength of corroded flange and web, which also resulted in a higher-
order of plate buckling mode. 
3) Void on web changed the failure mode from flange and web local buckling to flange 
one-way bending. This phenomenon was due to the lack of web at the void region, which caused 
a lower strength of the flange one-way bending than flexural or plate local buckling. 
The results and findings of the experimental study on corroded piles presented in this 
chapter were used to validate a 3D non-linear FE model developed to predict the axial behavior of 
H-pile with local reduction, and were also used as a control group for the tests of repaired piles to 
investigate the efficiency of a proposed repair system. The validation of the FE model and further 
(b)Buckled flange(a)Reduced section before loading
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parametric study will be described in Chapter 4. The experimental program of repaired piles will 
be introduced in Chapter 5. 
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CHAPTER 4 NUMERICAL STUDY OF CORRODED H-PILES  
This chapter presents the development of a numerical framework that can be used to 
predict the remaining axial capacity of steel H-piles with arbitrary patterns and degrees of 
localized corrosion. The numerical prediction approach is of critical necessity because existing 
design methods tend to provide excessively conservative assessment for partially corroded bridge 
piles. Their application on partially corroded members assumes a uniformly distributed reduction 
along the entire length. In extreme cases, the design method in AASHTO (2012) can provide 
predictions that are 90% lower than the measured capacity (Karagah et al., 2015; Shi et al., 2014).  
Therefore, a finite element model was developed based on the configuration of test 
specimens that were reported in Chapter 3. First, the FE model was validated by both small-scale 
and full-scale experimental results. The small-scale tests of W-shaped piles were conducted by 
Karagah et al. (2015), and the full-scale experimental program was illustrated in Chapter 3 of this 
dissertation. The small-scale experiments included 13 W4×13 piles with various distributions 
simulated corrosion. The dimensions and pile slenderness were not strictly scaled to the full-scale 
piles. However, the small-scale experimental results provided several findings that revealed the 
axial behavior of partially corroded H-piles. Furthermore, the model was used for a more in depth 
parametric study investigating factors that might have effects on the axial behavior of the piles. 
These factors include slenderness of the reduced flange and web, slenderness of the pile, the 
location and extent of the corroded region, and the magnitude of residual stresses. 
4.1 Finite Element Model 
A non-linear, 3D finite element model was developed using the commercial finite 
element package ABAQUS v6.12 (SIMULIA, 2012). Two consecutive steps were performed in 
the FEA: 1) eigenvalue analysis to obtain the elastic buckling modes; 2) with elastic buckling 
modes imposed as the initial imperfections shapes, an inelastic buckling analysis was conducted 
incorporating the effect of residual stresses and large deformations. Boundary conditions were 
modeled to represent the test set-up at the supports and only rotation about the weak axis was 
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permitted while the other degrees of freedom were restrained. The piles were loaded by imposing 
an axial displacement at one end to simulate the action of the hydraulic jack used in the 
experimental program. The modified Riks method (Riks, 1979) was employed to solve the 
geometrically and materially nonlinear model. 
4.1.1 Element type and mesh size 
To evaluate different types of elements and mesh sizes, a sensitivity study of inelastic 
buckling analysis was performed on two piles, 0/0 and 80/60 of full-scale experimental program 
described in Chapter 3. The pile 0/0 refers to the un-corroded control specimen with 0% reduction 
on flange and web, and 80/60 refers to the pile with 80% and 60% reduction flange and web 
thickness, respectively. These two representative piles were chosen for sensitivity study because 
the two cases contain failure modes of flexural buckling, flange and web local buckling. Also, the 
two cases represent the extreme cases of corrosion that were considered in this research. The FE 
model adopted the measured dimensions of flange and web thicknesses and material properties 
from tension coupon tests of the large scale piles. The thickness of the member is relatively small 
as compared to its length and width. The ratio of thickness to length/width is less than 1/15. 
Therefore, three commonly used shell element types were compared and evaluated to select an 
efficient element type for the numerical framework. The first element type was a four-node, six 
degrees of freedom per node, linear shape function, fully integrated, finite-membrane-strain shell 
element, S4. It is a general-purpose shell element, which uses thick shell theory (Mindlin-
Reissner plate theory) (Mindlin, 1951) as the shell thickness is over 1/15 of a characteristic length 
and becomes discrete Kirchhoff thin shell element as the thickness decreases, in which transverse 
shear flexibility is neglected. The second element type is S4R, which is similar to S4 but uses 
reduced integration to form element stiffness. The third element type is an eight-node, six degree 
of freedom per node, second-order, thick shell element, S8R, with reduced integration. The 
elementary mesh size to start investigation was 2 in×2 in. The mesh was subdivided twice, into 1 
in ×1 in and 0.5 in×0.5, to evaluate the convergence of the results.  
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Figure 4.1(a) and Figure 4.1(b) present the axial capacities for pile 0/0 and 80/60, 
respectively, predicted by FEA using S4, S4R, and S8R element. The horizontal axis refers to the 
three values of mesh size, and the vertical axis refers to the predicted axial capacity. The dashed 
line indicates the converged load level as the mesh size refines. The predicted inelastic buckling 
loads for 0/0 using three element types showed comparable results when the mesh size was 2 
in×2 in. However, regarding 80/60 with substantial reduction on flange and web, only S8R 
showed convergent result when the mesh size was 2 in×2 in. Predictions using element S4 and 
S4R converged until the mesh size was refined to 1 in×1 in. The reason is that for flexural 
buckled pile, 0/0, the deformation of the pile was relatively smooth, and both first-order (S4 and 
S4R) and second-order (S8R) element were able to provide satisfactory prediction with the same 
mesh size. In contrast, for pile failed by local buckling, 80/60, the buckled region was so curved 
that element with linear shape function (S4 and S4R) could not capture the deformation properly. 
Reduction of the mesh size (from 2 in×2 in to 1 in×1 in) or increment of the element polynomial 
degree (doubly curved shell S8R instead of element with linear shape function) was needed.  
The results of sensitivity study indicate that S4 and S4R element with 1 in×1 in mesh size, 
and S8R element with 2 in×2 in mesh size can be used for current study. When reduced 
integration is used for linear element as S4R, hourglass effects need to be checked and controlled 
(Flanagan and Belytschko, 1981). Element S8R was capable to provide reliable predictions of 
corroded piles. However, it would automatically transfer to element S9R5 in problems with 
contact (SIMULIA, 2012), to ensure the internally defined center node be positioned on the actual 
shell surface. To be consistent with the simulations of corroded piles and repaired piles (will be 
described in Chapter 6), element S4 with mesh size as 1 in×1 in was chosen for the FEA of both 
corroded piles and repaired piles.  
62 
Figure 4.1 Sensitivity study for element type and mesh size 
 
4.1.2 Material properties 
The material model follows classic plasticity: Von-Mises yield criteria, associated flow, 
and isotropic hardening. The uniaxial stress-strain relationship uses bilinear curve as shown in 
Figure 4.2, where Fy and Fu refer to yield and ultimate stresses, respectively. As two types of 
piles, small-scale W4×13 section and full-scale HP12×53 section, were used to validate the 
numerical framework, the material properties from tension coupon tests and stub column tests of 
both piles were used. Table 4.1 summarizes the material properties of two sizes of piles. For 
small-scale W4×13 piles, the moduli of elasticity and yield strengths of the flange and web were 
adopted values from a stub column test (Karagah et al. 2015). The ultimate strengths were taken 
from the results of tension coupon tests. For full-scale HP12×53 piles, the elastic moduli, yield 
and ultimate strengths for flange and web were taken as the mean values obtained from tests of 
four tension coupons described in Chapter 3(Table 3.3). Detailed procedures of the determination 
of the material properties were described in Section 3.1.2. 
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Figure 4.2 Stress-strain relationship of steel used in FEA 
 
Table 4.1 Material properties of W4×13 and HP12×53 
Pile Element Yield strength [ksi] 
Ultimate strength 
[ksi] 
Elastic modulus 
[ksi] 
W4×13 Flange 56.0 69.5 26,900 
 Web 63.5 77.0 26,100 
 Stub column 53.5 -- 30,200 
HP12×53 Flange 52.5 66.5 28,400 
 Web 60.5 71.0 32,000 
 
4.1.3 Effects of initial imperfections 
The first modes of flexural and local buckling shape, as shown in Figure 4.3, were used 
as the initial global and local imperfection shapes for all simulated piles. This is conservative 
approach as they represent the most potential failure modes. According to the AISC (2011), the 
permissible fabrication sweeps for axial member with flange width under and above 6 in are 
L/480 and L/960, respectively; while the maximum value of out-of-straightness of a compression 
member is L/1000, where L is the length of the member. In contrast, AASHTO (2012) allows a 
maximum out-of-straightness of L/1500. Figure 4.4(a) and (b) shows the effects of initial global 
imperfection, ΔG, on two representative piles failed by flexural and local buckling, respectively. 
Figure 4.4(a) shows the axial load-deformation responses of small-scale piles 0/0 (un-corroded 
control pile) and 75/60 (pile with 75% and 60% reduction on flange and web thicknesses 
respectively) with three different magnitudes of global imperfections. Figure 4.4(b) shows the 
axial load-deformation curves of full-scale piles 0/0 and 80/60 with different values of global 
imperfections. Inspection of Figure 4.4 indicates that the initial global imperfection has very 
minor influence on the axial capacity of piles. The differences of axial capacities caused by 
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varying values of global imperfection are less than 5% for piles with no damage and with major 
cross-section loss, regardless of the section size. It is difficult to achieve the actual magnitude of 
initial imperfection of the original pile in field. Therefore, the initial global imperfection was 
taken conservatively as the maximum of the three values in AISC (2011) and AASHTO (2012), 
which were L/480 and L/960 for W4×13 and HP12×53 sections, respectively. The peak 
magnitude of the local imperfections, ΔL, was taken as the fabrication tolerance defined in AISC, 
which was 0.06 in. The global and local initial imperfections were implemented by scaling the 
first mode of flexural and local buckling to the values determined above. 
 
Figure 4.3 Shapes initial global and local imperfections from elastic buckling analysis 
 
 
Figure 4.4 Effects of initial global imperfection on pile axial capacity 
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4.1.4 Effects of residual stresses 
Figure 4.5 presents the distribution of residual stresses, which was suggested by Ziemian 
(2010) with maximum compression stresses, σc, at the flange tips and uniform tension, σt, in the 
web. The residual stresses were implemented as predefined stresses on selected elements before 
applying axial load. The maximum magnitude of residual stresses was conservatively assumed as 
30% of the yield stress of the material in AISC (2011). However, a sensitivity analysis was 
conducted on the small-scale and full-scale control specimens, 0/0, to identify a magnitude of 
residual stress that provides the most accurate axial capacity. Peak residual stresses of 10%, 20%, 
and 30% of the nominal yield stress (5 ksi, 10 ksi, and 15 ksi, respectively) were considered. 
Figure 4.6 presents the axial capacities of small-scale and full-scale piles with three values of 
maximum residual stress. The figure shows the axial load-deformation responses and the 
horizontal dash line indicates the axial peak load of un-corroded control pile obtained from 
experiment. The predicted axial capacities of the HP12×53 control specimen were 652 kips, 618 
kips and 579 kips in the three cases, while the capacity obtained from test was 623 kips. The 
predicted capacity with peak residual stresses of 10 ksi (σc=σt=±10ksi in Figure 4.5) matched the 
axial capacity of the control pile. Therefore, the residual stresses were taken as 10 ksi in 
compression at the tips of flanges and 10 ksi in tension along the depth of the web for full-scale 
piles. For W4×13 section, the obtained axial capacities for piles with 5 ksi, 10 ksi, 15 ksi 
maximum residual stresses were 209 kips, 208 kips, and 208 kips, respectively. Three magnitudes 
of maximum residual stresses provided almost the same capacity. However, the maximum 
magnitude of residual stresses for small-scale piles was taken as 5 ksi, because the stress-strain 
relationship obtained from stub column test indicated minor residual stresses on the section (Shi 
et al., 2014).  
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Figure 4.5 Distribution of residual stresses on the flange and web 
 
 
Figure 4.6 Effects of residual stresses on axial capacity 
 
4.2 Validation of Numerical Framework 
This section presents the comparisons of experimental results and FEA predictions for 
small-scale and full-scale piles. The comparisons were conducted on the axial capacity, stiffness, 
axial load-deformation response, and failure mode. 
4.2.1 Comparison of axial behavior from FEA and experiments of small-scale corroded piles 
Table 4.3 presents the applied axial peak loads and failure modes obtained from FEA and 
tests. The pile designations were adopted from the experimental program (Karagah et al., 2015). 
In the example shown in Figure 4.7(a) (Karagah et al., 2015), the first and second numbers 
indicate the percentages of reduction on flange and web thickness, respectively. “75/60” refers to 
75% reduction on flange thickness and 60% reduction on web thickness. The third part, “V” 
refers to a 2 in void in the web at the center of degraded region, while “NV” means there is no 
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void in the web. The fourth part of the designation specifies the reduction on two flanges with “S” 
for symmetric and “US” for un-symmetric cases. The last part “WR”, when applicable, indicates 
reduction on flange width, as shown in Figure 4.7(b) (Karagah et al., 2015).  
Inspection of Table 4.4 indicates that the FEA correctly predicted the failure modes of all 
of test specimens. The deformed piles failed by typical failure modes are illustrated in Figure 4.8. 
The deformed shapes predicted by FEA matched the experimental observations. For piles with 
flange thickness reduction no more than 50%, the differences between FEA and tests results were 
generally less than 10%. For piles with flange thickness reduction up to 75%, discrepancy 
between tests results and numerical predictions increased up to 50%. For severely corroded 
sections the percentage error was relatively large, but the absolute value of the error in kips was a 
small percentage of the design capacity of the pile. For pile 70/60/V/S/WR, the difference 
between FEA prediction and test result was 12 kips. For a pile that was designed to carry 200 kips 
of load, the error was only 6% of the design capacity, which was within an acceptable tolerance 
when considering the design of the repair system. Moreover, the FEA prediction generally under-
predicted the pile capacity. 
 
Figure 4.7 W4×13 piles with reduced sections  
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Table 4.2 Axial peak loads and failure modes of W4×13 from FEA and tests 
Pile designation 
Axial peak load [kips] 
Ptest/ PFEA 
Failure mode 
Ptest PFEA Test FEA 
0/0 215 209 1.03 FBa FB 
0/30 201 185 1.09 FB FB 
0/60 178 170 1.05 FB FB 
50/0 117 124 0.94 FLBb FLB 
75/0 92 73 1.26 FLB FLB 
50/30 130 116 1.12 FLB/WLBc FLB/WLB 
75/60 70 58 1.21 FLB/WLB FLB/WLB 
75/60/V/S 39 34 1.15 FOWBd FOWB 
75/60/NV/US 57 43 1.33 FLB/WLB FLB/WLB 
75/60/V/US 40 36 1.11 FOWB FOWB 
75/60/NV/US/WR 70 52 1.35 FLB/WLB FLB/WLB 
75/60/V/S/WR 36 24 1.50 FOWB FOWB 
75/60/V/US/WR 39 34 1.15 FOWB FOWB 
aFlexural Buckling; bFlange Local Buckling; cWeb Local Buckling; dFlange One-way Bending 
 
 
 
Figure 4.8 Deformation of small-scale piles from FEA and test 
 
Figure 4.9 illustrates the comparison of axial load-shortening relationships of the small-
scale piles from experiments and FEA. The figure also presents the coefficients of determination, 
R2, between experimental and numerical curves. (R2)total was calculated from the total range of the 
curves from zero deformation to the maximum deformation of the test or FEA. The end of the 
range when calculating (R2)total depended on the maximum deformation point obtained from tests. 
(R2)peak was calculated within a range from zero load/deformation to the peak load of the curves, 
FB FLB&WLB FOWB
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to quantify the correlation of FEA and experimental results regardless of the post-peak behavior. 
Inspection of Figure 4.9 indicates excellent correlation between the experimental and FEA results 
before peak load. The values of (R2)peak are no less than 0.97 for all piles. The post-peak portions 
of the load-displacement curves exhibit good correlation when the failure mode of the pile is 
flexural buckling. In these cases, (R2)total are no less than 0.97 except for pile 0/60. However, the 
discrepancy increases as the flange becomes slender. The abnormal post-buckling behavior of 
0/60 was attributed to a noisy load signal from electro-magnetic interference during testing 
(Karagah et al., 2015). The discrepancies between the measured and predicted axial load-
displacement relationships were attributed to four reasons: (1) unintentional eccentricity of the 
applied load during testing; (2) uncertainty of the magnitude and pattern of the residual stresses, 
especially for piles with degradations, which might contain possible relief of residual stresses 
during milling of the flange and web; (3) conservativeness of the assumed magnitude and pattern 
of initial imperfections; (4) effect of the fillet at the junction of flange and web, which was not 
modeled in the FE simulation but partly existed in tested specimens. 
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Figure 4.9 Comparison of axial load-shortening responses from tests and FEA of W4×13 
 
4.2.2 Comparison of axial behavior from FEA and experiments of full-scale corroded piles 
Similar to small-scale piles, the experimental results from full-scale H-piles presented in 
Table 4.3 were also used to validate the FE model. Table 4.3 illustrates the axial peak load and 
failure mode of the full-scale HP12×53 piles from experiments and FEA. The pile designation 
was defined in previous chapter: the first and second number indicate the percentage of thickness 
reduction on flange and web, respectively; the third part, when applicable, “V” refers to void on 
web and “3” refers to 3 ft extent of reduction region. The numerical model accurately predicted 
the failure mode of all tested piles. The deformed piles failed by typical failure modes are 
illustrated in Figure 4.10. The deformed shapes predicted by FEA matched the experimental 
observations. The predicted axial peak loads are slightly conservative except for pile 0/20 and 
40/20 for which the capacities are over-predicted by 3% and 8%, respectively. This is attributed 
to a higher unintentional load eccentricity during testing. This was identified from the test data of 
four string potentiometers illustrated in Chapter 3 and Appendix A. The ratios of FEA prediction 
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to experimental result are close to 1.3 for pile 80/60 and 80/60/V due to their absolute values of 
axial capacity that are relatively low. The absolute differences between FEA and experimental 
results are 41 kips and 28 kips, respectively. These correspond to only 7% and 5% of the nominal 
design capacity of the original pile of 580 kips.  
Table 4.3 Axial peak loads and failure modes of HP12×53 from FEA and tests 
Pile designation 
Axial peak load [kips] 
Ptest/ PFEA 
Failure mode 
Ptest PFEA Test FEA 
0/0 623 618 1.01 FBa FB 
0/20 604 621 0.97 FB FB 
40/20 435 472 0.92 FLBb FLB 
40/60 333 303 1.10 FLB/WLBc FLB/WLB 
80/60 182 141 1.29 FLB/WLB FLB/WLB 
80/60/V 124 96 1.29 FOWBd FOWB 
80/60/3 159 160 1.00 FLB/WLB FLB/WLB 
aFlexural Buckling; bFlange Local Buckling; cWeb Local Buckling; dFlange One-way Bending. 
 
 
 
Figure 4.10 Deformation of full-scale piles from FEA and test 
 
Figure 4.11 compares the predicted axial load-deformation relationships from FEA to the 
measured response. The figure also presents the coefficients of determination, R2, between 
experimental and numerical curves. Inspection of Figure 4.11 shows (R2)peak ranges between 0.98 
to 1.00 for all of the examined cases. (R2)total of 0/0 and 0/20 indicates FEA accurately predicted 
the full axial load-deformation responses. Regarding pile 40/20 and 40/60, as the axial load 
dropped dramatically after peak load in experimental program, post-buckling was not captured. 
FB
FLB&WLB
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Therefore, the post-peak region of the FEA predictions cannot be verified. The FEA under 
predicted the post-buckling capacity of pile 80/60, 80/60/V, and 80/60/3 compared to test results. 
The discrepancies between the measured and predicted axial load-displacement relationships may 
be caused due to four reasons: (1) unintentional eccentricity of the applied load during testing; (2) 
uncertainty of the magnitude and pattern of the residual stresses, especially for piles with 
degradations, which might contain possible relief of residual stresses during milling of the flange 
and web; (3) conservativeness of the assumed magnitude and pattern of initial imperfections; (4) 
effect of the fillet at the junction of flange and web, which was not modeled in the FE simulation 
but partly existed in tested specimens. 
 
(b) 0/20
(c) 40/20 (d) 40/60
(a) 0/0
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Figure 4.11 Comparison of axial load-deformation responses  
from test and FEA of HP12×53 
 
4.3 Parametric Study 
As the numerical framework was validated above, parametric studies on both small-scale 
and full-scale piles were performed using the validated FE model, to investigate the factors that 
might affect the axial behavior of partially corroded H-piles. The parameters include the degree 
of the reduction of the flange and web thicknesses, slenderness of the piles, location and extent of 
the degraded regions, and magnitude of the residual stresses. 
Each pile that was considered in the parametric study was assigned a unique identifier 
following a similar naming convention to that used in previous study. The nominal values of the 
material properties of Grade 50 steel and dimensions of the piles, as specified by AISC (2011) 
were used in the parametric study. The magnitudes of initial global imperfections were taken as 
(e) 80/60 (f) 80/60/V
(g) 80/60/3
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L/480 and L/960 for W4×13 and HP12×53, respectively. The initial local imperfection was taken 
as the maximum fabrication tolerance of the out-of-square for the section, 0.06 in. The base 
configurations of the piles were 32 in long W4×13 pile and 15 ft long HP12×53 pile, with yield 
and ultimate strengths of 50 ksi and 65 ksi, respectively, an elastic modulus of 29,000 ksi, and a 
peak magnitude of residual stresses of 15 ksi (conservative assumption of 30% of the yield stress). 
The corroded region was 1 ft long, centered at the mid-height of the pile. 
4.3.1 Effects of flange and web thickness  
Figure 4.12 shows the effects of flange and web degradation on the predicted axial 
capacities of corroded W4×13 and HP12×53 piles with different slenderness ratios, KL/r, where k 
is the effective length factor, L is the clear length of the member, and r is the radius of gyration of 
the cross section about the axis of bending. The horizontal and vertical axes illustrate the degree 
of the reduction of the web thickness and the normalized axial capacity, respectively. For W4×13 
shown in Figure 4.12(a), the normalized axial load was taken as the ratio of the axial capacity of 
all piles to the maximum capacity, which is the capacity of pile 0/0 with slenderness ratio of 32. 
For HP12×53 shown in Figure 4.12(b), the normalized axial load was taken as the ratio of the 
capacity of all piles to the capacity of pile 0/0 with slenderness ratio of 42. The points in the 
figure indicate the predicted peak loads of each pile, and they are connected by lines for visual 
convenience. The marker styles indicate the degrees of flange thickness reduction. The line styles 
indicate pile slenderness ratios of 32, 48, and 64 for W4×13 (Figure 4.12 (a)), 42, 63, and 84 for 
HP12×53 (Figure 4.12 (b)). 
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Figure 4.12 Axial peak loads for piles with different reduction on flange and web 
 
Inspection of Figure 4.12 indicates that flange thickness reduction has a greater effect on 
the remaining axial capacity of corroded piles than web thickness reduction. With the same loss 
of cross-sectional area, piles with moderate loss of flange thickness and minor loss of web 
thickness exhibit lower capacity than piles with significant loss of web thickness and minor loss 
of flange thickness. This can be illustrated by considering two HP12×53 piles with slenderness 
(kL/r) of 84 and 53% reduction of cross-sectional area. The pile with 80% reduction of flange 
thickness, 80/0, has remaining capacity of 171 kips; however the pile with 40% reduction of 
flange thickness and 80% reduction of web thickness, 40/80, exhibits capacity of 282 kips, which 
is 65% higher than the capacity of 80/0. This could be explained as follows: (1) the flanges 
contribute more to the weak-axis moment of inertia of the section, (2) reducing the flange 
thickness causes the flanges to become slender resulting in a local buckling failure mode while 
reducing the thickness of the web does not since the web is a stiffened element while the flange is 
an unstiffened element.  
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4.3.2 Effects of pile slenderness 
Figure 4.12 also shows the influence of pile slenderness on the axial capacity of corroded 
piles. The slenderness of the pile has a significant effect for piles fail by flexural buckling. For 
un-corroded HP12×53 piles decreasing the slenderness from 84 to 42 increases the axial capacity 
of the piles by 74%. Similar trend was observed for small-scale piles as well. By decreasing the 
pile slenderness from 64 to 32 for un-corroded W4×13 piles, the axial capacity increases 67%. 
However, the effect of pile slenderness becomes negligible when the dominant failure mode of 
the pile is local buckling of flange or web. Observation of Figure 4.12 indicates that for severely 
corroded piles with both flange and web slender (the cases at the right bottom corners of the two 
figures), the slenderness of the piles does not have any influence on their axial capacities as local 
buckling in the deteriorated region controls the failure. Therefore, bracing a pile to reduce its 
effective length may only be an effective repair strategy if the pile corrosion is relatively minor 
with no slender flange or web. 
4.3.3 Effects of location of the corrosion 
To investigate the effect of location of the degradation, the corroded region was moved to 
the third-height of the 64 in W4×13 pile and 15 ft HP12×53 pile from mid-height. Five 
representative cases with different failure modes including flexural buckling, flange or/and web 
local buckling, were modeled for each section. Inspection of the capacities summarized in Table 
4.4 demonstrates that the location of corrosion has negligible effect on the axial capacities of the 
piles regardless of the failure mode and section scale. 
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Table 4.4 Comparison of axial capacities for different locations of reduction 
Pile designation 
Axial peak load [kips] Difference 
[%] Third-height Mid-height 
W4×13 20/0 100 99 1 
 20/40 97 96 1 
 60/40 65 66 1 
 60/80 50 52 2 
 80/80 23 22 1 
HP12×53 0/20 506 505 0 
 40/20 406 414 2 
 40/60 320 330 3 
 80/60 120 127 6 
 80/100 44 45 2 
 
4.3.4 Effects of the extent of the corrosion 
The effect of the extent of the corroded region was studied by considering three different 
extents of the corroded region. For small-scale piles, 0.5 ft, 1 ft, and 2 ft were considered within a 
64 in long pile. For HP12×53 piles, 1 ft, 3 ft, and 5 ft, centered at the mid-height of a 15 ft pile 
were considered. These values represent 1.5, 3, 6 times the nominal section depth of W4×13, and 
1, 3, and 5 times the nominal section depth of HP12×53.  
Figure 4.13 presents the axial peak loads of W4×13 (Figure 4.13(a)) and HP12×53 
(Figure 4.13(b)) piles with three different extents of corrosion on each section. Three types of 
bars in the figures refer to the axial capacities of piles with three different extents of corrosion. 
Each group of three extents of corrosion indicates piles with flange and web thickness reductions 
varied from 0% to 80%. Inspection of Figure 4.13 indicates that the small-scale piles and the full-
scale piles exhibited similar trend. Inspection of Figure 4.13 indicates that the extent of corrosion 
has minor effect on the capacity of piles with no slender element and failed by flexural buckling. 
In these cases, increment of the extent of corrosion by three times only changed the pile capacity 
at most by 4% and 6% for W4×13 and HP12×53 section, respectively. In contrast, when the 
flange and web had more thickness reduction and became slender, the effect of the extent of 
corrosion on pile capacity became substantial. In extreme cases, increment of the extent of 
corrosion by three times reduced the axial capacity of small-scale and full-scale piles by 41% and 
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33%, respectively. The reason for this phenomenon is that the aspect ratio of the corroded region 
of the flange (length of corroded region divided by half of the flange width) significantly affects 
the plate buckling strength of the corroded flange. The observed result is consistent with the 
classic plate buckling equations which predict a comparable reduction of strength for higher 
mode flange buckling (Lundquist and Stowell, 1942; Timoshenko and Gere, 2009).  
The current design codes are formulated for prismatic members. To apply these design 
equations directly to corroded piles one must inherently assume that the loss of thickness is 
uniform along the entire length of the pile. This results in very high aspect ratios of the buckling 
plates, and the predictions are thus overly conservative. The results shown in Figure 4.13 (Shi et 
al., 2014) indicate that in extreme cases of corrosion, when flange reduction differs substantially 
from web reduction (i.e. 80/0), this assumption could lead to overly conservative predictions of 
capacity. Seif and Schafer (2013) presented relevant findings that when the slenderness of flange 
and web differed too much, current design codes provided conservative predictions. The 
presumption that the local buckling of the markedly slender element initiates the similar buckling 
of the other element did not happen. However, based on field observations, it is uncommon for 
the degree of flange and web corrosion to differ dramatically. 
 
Figure 4.13 Axial peak loads of piles with different corroded extents 
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4.3.5 Effects of residual stresses 
To investigate the effect of the magnitude of residual stresses on the axial remaining 
capacity of a pile, two different maximum magnitudes of residual stresses were implemented: 10% 
Fy (5 ksi) and 30% Fy (15 ksi). Figure 4.14 (Shi et al., 2014) presents the axial peak loads of piles 
with different residual stresses. Different types of bars refer to axial capacity of pile with different 
values of maximum residual stresses. For each value of flange reduction, five sets of bars indicate 
five degrees of web thickness reduction, including 0%, 40%, 60%, 80%, and 100% (2 in void). 
Inspection of Figure 4.14(a) indicates that the magnitude of residual stresses does not show much 
effect on the axial capacity of small-scale piles. The differences of the axial peak loads from piles 
with 5 ksi and 15 ksi maximum residual stresses are no more than 4%. In contrast, Figure 4.14(b) 
indicates a decrease of capacity as the residual stresses increased for piles with minor reduction 
and with flexural buckling as dominant failure mode. In this case, the differences of axial 
capacities of piles with 5 ksi and 15 ksi as maximum residual stress are within 10% to 15%. As 
the degree of corrosion increased, and piles failed by local buckling, the influences of the 
magnitude of the residual stresses on the pile capacities decreased, which changed the axial 
capacities by no more than 8%. For small-scale piles with flange thickness reduction greater than 
80%, the piles capacities exhibited a slight increase as the residual stresses increased from 5 ksi to 
15 ksi, as shown in Figure 4.14(a). This was also observed from full-scale piles with flange 
thickness reduction over 60%. This was due to the increase of the uniformly distributed tensile 
residual stresses in the web, σt, shown in Figure 4.5, which increased the predicted compression 
capacity of the piles. However, in practical applications this slight increase of capacity will not 
likely to be captured since residual stresses are highly variable and some relaxation may occur 
with the severe loss of section caused by corrosion. 
81 
 
Figure 4.14 Axial peak loads of piles with different residual stresses 
 
4.4 Concluding Remarks 
A numerical framework was developed to predict the remaining axial capacity of H-piles 
with different patterns of corrosion. The nonlinear FE model was validated by experimental 
results of 13 small-scale W4×13 piles and seven full-scale HP12×53 piles, and used for a 
parametric study. The studied parameters include reduction of flange and web thickness, 
slenderness of the pile, the location and extent of the corroded region, and the magnitude of 
residual stresses. The effects of each factor studied using small-scale and full-scale piles are 
consistent. The conclusions are summarized as follows: 
1) The developed numerical framework is able to provide reliable assessments on the 
remaining capacities of corroded piles and it can accurately predict the failure modes. The post-
buckling behavior of some of the test piles were not well captured by FEA due to four possible 
reasons: (1) unintentional eccentricity of the applied load during testing; (2) uncertainty of the 
magnitude and pattern of the residual stresses, especially for piles with degradations, which might 
contain possible relief of residual stresses during milling of the flange and web; (3) 
conservativeness of the assumed magnitude and pattern of initial imperfections; (4) effect of the 
fillet at the junction of flange and web, which was not modeled in the FE simulation but partly 
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existed in tested specimens. However, this does not have much effect on the design of the repair 
system.  
2) Flange corrosion is the most critical factor that affects the remaining axial capacity of 
partially corroded H-piles. 
3) Pile slenderness only significantly affects the axial capacities of piles without slender 
flanges or webs that fail by flexural buckling. Therefore, bracing piles to reduce their effective 
length may not be an effective solution to repair piles with slender flange or web due to severe 
thickness losses. 
4) The magnitude of residual stresses and the extent of corrosion along the length of the 
pile, are secondary factors affecting the axial capacity. Varying the magnitude of residual stresses 
changes the pile capacity by 15% at most if the dominant failure mode of the pile is flexural 
buckling, whereas the changes are less than 8% if the corrosion increases and causes the pile to 
fail by local buckling. However, only Leigh pattern of residual stresses was investigated in this 
study. The distribution of residual stresses might change with the varying patterns of corrosion, 
which needs further study. Increasing the extent of corrosion can decrease the axial capacity by 
up to 41% and 33% in the extreme cases for W4×13 and HP12×53 section piles, respectively. 
5) The location of corrosion does not have much effect on pile capacity regardless of the 
type of failure mode. 
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CHAPTER 5 EXPERIMENTAL STUDY OF REPAIR SYSTEM 
Based on the axial behavior of corroded H-piles investigated experimentally and 
numerically in Chapter 3 and Chapter 4, respectively, a friction-type bolted steel plate-based 
repair system to strengthen the corroded piles is proposed in this chapter. Design concept and 
procedures of the proposed repair system are presented. An experimental program was conducted 
on seven full-scale H-piles with simulated corrosion that were retrofitted using the proposed 
repair system. Seven 15-ft-long HP12×53 piles were degraded intentionally in the same patterns 
as the corroded control piles described in Chapter 3. The piles were repaired by friction-type 
bolted plate-based repair system and tested under uniaxial compression. The test results are 
presented and discussed in this chapter. The objective of the experimental program was to (1) 
evaluate the effectiveness of the proposed repair system and (2) to validate a numerical model of 
repaired piles, which is described in Chapter 6. 
5.1 Design of the Steel-Based Repair System 
According to the findings obtained from the experimental and numerical studies of 
corroded piles in Chapters 3 and Chapter 4, flange reduction was found to be one most critical 
factor that decreases the remaining axial capacity of a deteriorated H-pile. This is due to the facts 
that (1) the flanges contribute more to the weak-axis moment of inertia of the section, and (2) 
causing the web to become slender requires greater reduction compared to flange, since web is a 
stiffened element while flange has one free edge unstiffened. Therefore, the repair system was 
designed to focus on strengthening the flanges, with no additional material attached to the web. 
Strengthen the flange can increase its plate buckling strength. Also, the strengthened flange 
contributes to the increment of the rotational fixity of the flange and web junction, which is 
beneficial to the plate buckling strength of web. This section illustrates the configuration and 
working concept of the proposed repair system, and the design procedure of the detailed 
parameters of the system. 
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Figure 5.1 shows the configuration of the repair system. On each side of the flange, one 
main steel plate and two clamping plates are bolted to clamp the flange, as shown in Figure 5.1(a). 
Axial load is transferred to the main plates of the repair system through friction over a 
development length, Ld, on either end of the corroded region, as shown in Figure 5.1(b). The 
repair system has two contributions to the strengthening of a corroded pile. First, it stiffens the 
flange to enhance its plate buckling capacity. Second, the pretension in the bolts creates friction 
between the main plates of the repair system and the flanges of the deteriorated pile to transfer the 
axial load from the pile to the steel plates. The main plates are coated by particular coatings that 
(1) can be used underwater to protect the plates from corrosion and (2) provide adequate slip 
resistance. 
 
 
Figure 5.1 Friction-type bolted plate-based repair system 
 
5.1.1 Determination of required friction provided by repair system 
The demanding capacity of a bridge pile, Pn,u, is the target capacity of the corroded pile 
repaired by the friction-type bolted plate-based repair system. It is commonly determined as the 
nominal compressive capacity of a given section specified in AASHTO (2012), or lower, 
depending on the design of the bridge. The remaining capacity of a corroded pile, Pn,c, is 
recommended to be predicted using the EWM (AISI, 2007), because the EWM provides 
relatively accurate although conservative prediction compared to the DSM and design method in 
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AASHTO (Karagah et al., 2015; Shi et al., 2014). However, the numerical framework developed 
in this study and illustrated in Chapter 4 exhibited the most accurate prediction of the remaining 
capacity of the corroded pile. To study the efficiency of the proposed repair system accurately, 
the remaining capacity of a corroded pile was predicted by FEA in the experimental program. The 
load that is required to be transferred to the repair system through friction, Pn,r, can be calculated 
using Eq 5-1, 
 Pn,r = Pn,u - Pn,c. Eq 5-1 
Eq 5-1 does not take into account the enhancement of the plate buckling capacity of flanges 
within the repaired region for conservative design. 
5.1.2 Determination of size, number, and spacing of the bolts 
Based on the required friction force, Pn,r, the size and number of bolts can be calculated 
according to the strength of slip-critical connection specified in AASHTO (2012). The required 
number of bolts, Nb,d, over each load introduction regionis determined according to Eq 5-2 and Eq 
5-3,  
 Nb,d = Pn,r / Rn , Eq 5-2 
and tsshn PNKKR = , Eq 5-3 
where  
Rn= Friction force provided by one bolt in a slip-critical connection; 
Κh= Hole size factor; 
Κs = Surface condition factor; 
Ns = Number of slip planes per bolt, conservatively considering, the contact between the flanges 
and the clamping plates was ignored, as their contacts were along a line rather than surface; 
Pt = Minimum required bolt tension. 
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The surface condition factor, Κs, between the new coated steel plates and the corroded 
pile flanges, should be determined by coefficient of friction test. The practical surface conditions 
should be considered, such as the pressence of corrosion product or moisture on the steel surface. 
According to the minimum spacing and clear distance specified in AASHTO (2012) for 
each diameter of bolt, to ensure sufficient space for installation, Eq 5-4 and Eq 5-5 should be 
satisfied when 
 ≥s 3d, for standard holes Eq 5-4 
and ≥s 2d+dh, for oversize or slotted holes, Eq 5-5 
where 
s= Bolt spacing, 
d= Bolt diameter, 
dh= Hole diameter. 
For built-up members comprised by tightened bolts, the pitch of stitch bolts should not 
exceed 12t (Eq 5-6) to ensure that the parts act as a unit and to prevent buckling in compression 
members: 
 ≤s  t12 , Eq 5-6 
where t = Thickness of the thinner outside plate or shape. 
Because the shear distribution in bolts is not uniform and the ends of the connection take 
higher stress, at the ends of the repair system, the bolts spacing should satisfy Eq 5-7,  
 ds 4≤  within a length of plb5.1 , Eq 5-7 
where bpl= Width of the plates. 
For practical purposes, the minimum edge distance, a, should satisfy the values specified 
in AASHTO (2012) for bolts of different diameters. Furthermore, maximum edge distance should 
satisfy Eq 5-8, to prevent corrosion from accumulating on connecting members and forcing them 
to separate (AISC 2011),  
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 ≤a  min{8t,5in} . Eq 5-8 
5.1.3 Determination of width and thickness of the plates 
The width and thickness of the plates are designed to ensure that the weak axis flexural 
rigidity of the repaired pile is greater than or equal to that of the un-corroded piles: 
 uyplycy EIEIEI )()()( ≥+  , Eq 5-9 
where  
E=Elastic modulus of steel, and 
 [ ]3 ,,3 , )2(212
1)( cwcfwcwfcy tthtbI −+=  , Eq 5-10 
 [ ]33 )2(212
1)( wfwwfuy tthtbI −+=  , Eq 5-11 
 
3
6
1)( plplply btI =  . Eq 5-12 
The minimum width of the main plates needs to satisfy Eq 5-13, 
 dabb fpl ++= 2min,  , Eq 5-13 
where 
bf = Flange width, as shown in Figure 5.2,  
a = Minimum edge distance for bolts as shown in Figure 5.2,  
dh = Diameter of the holes in the repair plates. 
The thickness of the plates, plt , is designed to ensure that the plate satisfied the non-
slender element requirements in AASHTO (2012):  
 E
F
abt yplpl )2(714.0 −≥  . Eq 5-14 
Further, to ensure that the plate does not yield in flexure due to tightening of the bolts, the 
minimum plate thickness can be calculated according to Eq 5-15,  
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Figure 5.2 Cross section of repaired pile (clamping plates excluded) 
 
5.1.4 Determination of length of the plates 
The development length of the plates, Ld, at one end of the corroded region can be 
calculated based on the required number and spacing of the bolts using Eq 5-16, as shown in 
Figure 5.1, 
 Ld = (Pn,r / Rn -1)× s+a . Eq 5-16 
The total length of the plates is determined by Eq 5-17, 
 Lpl = 2 Ld + Lc. Eq 5-17 
5.2 Experimental Program 
The experimental program included seven full-scale H-piles with simulated corrosion and 
retrofitted using the proposed repair system. The piles had the same patterns of thickness 
reduction of flanges and webs as the corroded control piles illustrated in Chapter 3. The 
configuration of repair system for each pile was designed based on the design method presented 
in the previous section. The target capacity, Pn,u, was taken as 580 kips, which is the nominal 
design capacity of 15-ft-long HP12×53 compression member calculated according to AASHTO 
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(2012). The following sections present the test matrix, material properties, test set-up, and 
instrumentation plans of the experimental program. 
5.2.1 Test matrix 
Table 5.1 illustrates the test matrix of the repaired piles. The pile designation is defined 
the same way as described in Chapter 3. The first and second numbers indicate the percentages of 
reduction of flange and web thickness, respectively. The third part, when included, indicate the 
presence of a 2 in void in the web [V] or corrosion along a 3 ft. extent of the pile [3] rather than 
along 1 ft which was used for the other piles in the test matrix. The ‘S’ at the end of each 
specimen designation indicates that the piles were retrofitted by steel-based repair system. Two 
piles, 80/60-S(1) and 80/60-S(2), were degraded and retrofitted identically to evaluate the 
repeatability of the tests. The remaining axial capacities of the seven corroded piles were 
predicted by the numerical framework proposed in Chapter 4. The designed length of the steel 
repair plates and the number of bolts for each specimen are listed in Table 5.1. The widths of the 
main plates and clamping plates were designed as 16 in and 4 in, respectively. The thickness of 
the plates was 0.5 in. ASTM A325 structural bolts with ¾ in diameter were used. 
Table 5.1 Test matrix of repaired H-piles 
Pile 
Designation 
Predicted Nominal 
Strength  
Pn,c 
Corroded Section Length of 
Plates 
Lpl 
Number 
of Bolts per 
line 
Nb 
Flange Thickness 
tf,c 
Web Thickness 
tw,c 
[kips] [in] [in] [ft] 
0/20-S 587 0.431 0.362 2 7 
40/20-S 475 0.289 0.318 2 7 
40/60-S 418 0.289 0.207 3.5 13 
80/60-S(1) 181 0.133 0.199 6.5 25 
80/60-S(2) 176 0.142 0.181 6.5 25 
80/60/V-S 100 0.140 0.213 7.5 29 
80/60/3-S 153 0.134 0.196 7.5 29 
  
5.2.2 Material properties 
The proposed repair method is a steel-based system. Material properties could be 
obtained by steel tension coupon tests. However, a critical factor of this repair system was the 
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friction between the steel repair plates and the pile flanges. The frictional behavior between the 
contacting surfaces, determined by the property of coatings applied on steel repair plates, was 
therefore considered as another important material property. This section presents the tension 
coupon tests of steel and the coefficient of friction test of the contact surfaces. 
5.2.2.1 H-piles and steel repair plates 
The piles of corroded control group and retrofitted group were made from the same batch, 
so the material properties of H-piles were determined from tension coupon tests presented in 
Chapter 3. Three tension coupons were cut from the steel plates of repair system, and tested in a 
110-kip MTS machine. The loading rates were 0.01 in/min and 0.2 in/min for elastic and inelastic 
ranges of the tests, respectively. An extensometer with 2 in gage length (EPSILON model 3542) 
was used to measure the axial deformation within the gauge length of the coupon. Data was 
collected using a Vishay Precision Group System 7000 data acquisition system with a flexible 
finite impulse response (FIR) filter enabled and using a data sampling rate of 10 samples/second 
(Vishay, 2011). No filter was used for post-processing. 
Figure 5.3 shows the stress-strain relationships of the three tension coupons from the steel 
plates. The yield strength was obtained using the 0.2% offset method. Table 5.2 presents the 
elastic moduli, yield strengths, ultimate strengths, and ultimate strains of the H-piles and the steel 
repair plates. The mean values of the material properties of the three coupons cut from steel plate 
were calculated, along with the coefficient of variation (CoV). 
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Figure 5.3 Stress-strain responses of the three tension coupons 
 
Table 5.2 Material properties of the steel repair plates and H-piles 
Coupon location Elastic modulus [ksi] 
Yielding stress 
[ksi] 
Ultimate stress 
[ksi] 
Ultimate strain 
[µin/in] 
Plate 28,200 33.3 49.0 180,000 
Plate 29,200 32.4 48.4 190,000 
Plate 28,300 33.7 49.1 200,000 
Mean 28,600 33.1 48.8 190,000 
CoV 2% 2% 1% 5% 
Flange 28,400 52.5 66.5 170,000 
Web 32,000 60.5 71.0 80,000 
 
5.2.2.2 Contact surface property between steel repair plates and pile flanges 
The steel repair plates were sandblasted and coated with two layers of coatings to resist 
corrosion and to obtain adequate slip resistance. The first layer, directly applied on the steel 
surface, was a solvent-based, inorganic ethyl silicate, zinc-rich coating. It worked as sacrifice 
anode to protect the steel plate from corrosion. The second layer, which was applied on the first 
layer after it cured, was a non-zinc containing, Class B-rated, polyamide epoxy coating. This 
coating protected the first layer of coating and provided high slip resistance. The slip coefficient 
that the second coating is able to provide is 0.5 according to its data sheet. However, this value is 
based on dry clean contact surfaces. To investigate the underwater behavior of the coatings, a 
coefficient of friction test was conducted. 
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Table 5.3 summarizes the details of the friction coefficient test program. The double-lap 
type test specimens, as shown schematically in the last column of the table, consisted of two main 
steel plates and two splice plates. Figure 5.4 shows the details of the specimens. The main plates 
were butted against each other with a small gap between their ends. The splice plates were 
centered on the main plates and clamped in place using ¾ in diameter steel bolts tightened to 
achieve 28 kips pretension, as shown in Figure 5.4(a). The bolts were installed on either side of 
the main plates to simulate the clamping effect of the repair system. A 400-kip capacity Tinius-
Olsen universal testing machine was used to apply tensile load on the top main plate and the 
bottom main plate was fixed by clamping force from the machine. The axial tension load and the 
displacement of the top crosshead of the machine were recorded continuously during testing. A 
plateau in the load-displacement curve reflected the first slip between the faying surfaces. 
Four groups of tests were conducted. Each group had five replicate specimens. Group A 
was a control group with both contact surfaces abrasive blasted and tested in dry condition. Since 
the bolting pattern was different from the standard configuration for slip-critical connections, 
Group A was tested as a reference group to investigate the effects of bolting configuration. In 
Group B, the main plates were corroded by submerging in hydrochloric acid for several days to 
form a layer of surface rust on the steel plates, as shown in Figure 5.4(b). This was intended to 
simulate the condition of a steel pile which has been aggressively cleaned using hand tools and 
mechanical means to remove extensive pack rust, dirt, and possible marine growth from the 
surface while leaving surface rust intact. The splice plates were sandblasted to simulate the 
surface preparation of new steel plates without any coating. All plates were wetted with water 
before tightening the bolts to simulate the underwater application. The splice plates in Group C 
were coated with two layers of coatings described above to evaluate the effect of the coatings on 
the friction coefficient of contacting surfaces. Zinc clad II ethyl silicate (Zinc Clad II Ethyl 
Silicate Product information, 2012) and Steel-Spec epoxy primer (Steel Spec Epoxy Primer 
Product information, 2012), distributed by Sherwin Williams, were the product names of the first 
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and second layer coatings, respectively. The contact surfaces were wetted. Group D has the same 
configuration as Group C but had an additional coating applied on the main plate. The Armor 
plate 360 (Armor Plate 360 Date sheet, 2009) is an epoxy based coating that can cure in water. 
Table 5.3 Test matrix of coefficient of friction 
Group Main Plate (2 in×0.5 in) 
Splice Plate 
(6 in×0.5 in) 
Surface 
Condition 
 
A Sand blasted Sand blasted Dry 
B Corroded Steel Sand blasted Wet 
C Corroded Steel 
Steel-Spec epoxy+ 
Zinc Clad II Ethyl 
silicate 
Wet 
D 
Corroded 
Steel+ 
Armor Plate 
360 
Steel-Spec epoxy+ 
Zinc Clad II Ethyl 
silicate 
Wet 
 
Figure 5.5 shows the measured load-displacement relationships from each group. The 
figure indicates that Group A, B, and C exhibited similar behavior with a constant load plateau 
after the initiation of slipping as expected. However, specimens in Group D exhibited softening 
behavior with decreasing load after reaching a peak load. This this was attributed to the failure of 
the Armor plate 360 coating, as shown in the bottom right figure of Figure 5.5. The coefficient of 
friction, Ks, was calculated using Eq 5-3 in which the friction force, Rn, was taken as the plateau 
load of each specimen. 
Table 5.4 summarizes the obtained friction loads and calculated coefficient of friction of 
each group of specimens. The obtained friction coefficient of Group A was 0.42, which was 
lower than the standard value 0.5 specified in AASHTO (2012). The reason is the different 
bolting pattern from the standard configuration for slip-critical connections. Comparison between 
Group B and Group A shows the effect of surface corrosion and wet surface was negligible. The 
slip resistant coefficient obtained from Group C was 0.34, which was lower than the specified 
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value in the coating data sheet. The possible reasons include wet surfaces, surface corrosion, and 
the pattern of bolting. Although the slip resistance of Group D was higher than Group C, the load-
slip relationship showed a descending trend (Figure 5.5 (d)) as discussed before. Inspection of 
Table 5.4 also indicates that the use of coatings increased the variability of the achieved friction 
force. Consequently, the mean value of coefficient of friction obtained from Group C, 0.34, was 
adopted for the design of the repair system of the experimental program. 
 
 
Figure 5.4 Specimen of slip resistance tests 
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Figure 5.5 Load-slip relationships from slip resistance tests 
 
Table 5.4 Experimental results of coefficient of friction test 
Test Group 
Friction load Rn [kips]  Ks 1 2 3 4 5 Mean CoV 
A 44.6 48.4 48.3 47.9 47.0 47.2 3% 0.42 
B 47.5 45.5 48.2 47.2 48.0 47.3 2% 0.42 
C 36.8 33.9 42.1 42.7 36.5 38.4 10% 0.34 
D 38.9 47.7 33.4 47.1 42.5 41.9 14% 0.37 
 
5.2.3 Fabrication of retrofitted piles 
Figure 5.6 illustrates the sequence used in the fabrication of the repair system. First, a 
computer network control (CNC) mill was used to reduce the thickness of flanges and webs, to 
simulate the corrosion effects as shown in Figure 5.6(a). The reduced thicknesses of flanges and 
webs are summarized in Table 5.1. Water was spread on the original pile before placing the steel 
repair plates to simulate fabrication “in-the-wet”, as shown in Figure 5.6(b). All bolts were 
(b)Group B
(c)Group C
(a)Group A
(d)Group D
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tightened using a calibrated torque wrench, as shown in Figure 5.6(d), to reach the minimum 
pretension for a slip-critical connection specified in AASHTO (2012), which is 28 kips for ¾ in 
A325 bolts. The bolt pretension was measured by a load cell while calibrating the torque wrench. 
In field applications, similar tension indicating device (Skidmore or equivalent) must be 
employed to verify the pretension. In all specimens except 40/60-S, bevel washers were used to 
balance the angle between the main plate and the clamping plate to keep the bolts straight, as 
shown in Figure 5.6(c).  
 
Figure 5.6 Fabrication of the repair system 
 
 
Bevel washer
Water
Coated plates
(a) Pile before and after repair
(b) Water spread on pile surface
(c) Bevel washers
(d) Torque wrench
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5.2.4 Test set-up and instrumentation 
The 600-kips self-reacting test frame described in Chapter 3 was used to test the 
retrofitted piles, as shown in Figure 5.7(a). The same boundary conditions were applied to the 
repaired piles: the pile was free to rotate along its weak axis, while the strong axis of the pile was 
restrained from rotation to ensure the pile failed along its weak axis if flexural buckling governs, 
to simulate the boundary conditions and failure mode of actual bridge piles. The specimens were 
loaded manually at a rate of 15 kips per minute until the peak load was achieved and the 
descending portion of the load-deformation curve was identified.  
Four string potentiometers (Unimeasure model number PB-20) were installed at the four 
corners of the base plate to measure axial deformation of the pile, as shown in Figure 5.7(b). 
Additional string potentiometers (Unimeasure model number PB-4) were mounted at both ends of 
the steel repair plates to capture the slip between the pile flanges and the steel repair plates, as 
shown in Figure 5.7(c). Two strain gauges (Micro-Measurements 125BS) were attached at the 
center of the top main plate and the flange of the original pile at the reduction region, at the same 
cross section, as shown in Figure 5.7(c). The values obtained from strain gauges indicated the 
axial load distribution on the original pile and the repair system. Data were collected using a 
Vishay Precision Group System 7000 data acquisition system with a flexible finite impulse 
response (FIR) filter enabled and using a data sampling rate of 10 samples/second (Vishay, 2011). 
No filter was used for post-processing. 
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Figure 5.7 Test instrumentation used in the of the test of the repaired piles 
 
5.3 Test Results and Discussion 
This section presents the experimental results of the full-scale corroded piles retrofitted 
by friction-type bolted plate-based repair system. Comparisons of axial capacity and stiffness 
between corroded control piles and repaired piles are summarized to evaluate the effectiveness of 
the repair system. This section also presents the detailed experimental observations and the axial 
load-deformation responses of each pile. 
5.3.1 Axial capacity, axial stiffness, and failure modes 
Table 5.5 summarizes the axial capacity, axial stiffness, and failure mode of all the 
corroded control piles and the repaired piles. The target axial capacity of the repaired piles was 
taken as the nominal axial load of an un-corroded pile, Pn,u, calculated using the design method 
adopted in AASHTO (2012), which is 580 kips for 15-ft-long HP12×53 pile. Inspection of Table 
5.5 indicates that the repair system did not change the failure modes of the piles except Pile 
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80/60-S(1), Pile 80/60-S(2), and Pile 80/60/3-S. However, experimental observations (presented 
in the next section) indicate that with the same failure mode as flange local buckling (i.e., Pile 
40/60 and Pile 40/60-S), the repaired piles exhibited higher order of plate buckling while the 
corroded pile did not. The reason for this phenomenon is that the clamping plates restrained the 
edges of the flanges, which were originally free edges. Three repaired piles, Pile 80/60-S(1), Pile 
80/60-S(2), and Pile 80/60/3-S failed in a crumpling deformation of their flanges and webs. The 
observed failure (detailed presented in the following section) indicated that the flanges were too 
slender to stiffen the web at the junction; meanwhile, the destabilization of the web caused the 
excessive deformation of the flanges. Pile 80/60/V-S exhibited the same failure mode as the 
corroded control pile 80/60/V (described in Chapter 3), which was flange one-way bending at the 
void region. 
Figure 5.8 shows the comparison of the axial capacity between corroded and retrofitted 
piles. The horizontal axis represents the loss of the cross-sectional area, and the vertical axis 
refers to the ratio of axial capacity obtained from tested piles to the nominal design capacity of 
original un-corroded pile. The horizontal solid line indicates the nominal capacity of the un-
corroded piles. The round dots illustrate the corroded control piles, while the square dots 
represent the repaired piles. Inspection of Table 5.5 and Figure 5.8 shows the effectiveness of the 
proposed repair system. Six out of seven of the repaired piles were effectively strengthened to the 
target capacity expect for 80/60/3-S. The exception was due to the limitation of test frame. The 
Pile 80/60/3-S was intentionally designed to a lower capacity. However, the expected capacity of 
80/60/3-S was 496 kips according to the design method proposed at the beginning of this chapter, 
which was only 7% lower than the test result. Figure 5.8 indicates that even with the most axial 
capacity loss, 80/60/V, which had only 20% remaining capacity of the nominal capacity of un-
corroded pile, the repair system effectively enhanced its capacity back to the nominal value.  
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Table 5.5 Experimental results of full-scale corroded and repaired piles 
Pile Designation 
Axial Peak Load Stiffness 
Failure Mode 
[kips] [kip/in] 
Pn,u 580 2,497  
0/0 623 2,776 FBa 
0/20 604 2,816 FB 
0/20-S 629 2,647 FB 
40/20 435 2,448 FLBb 
40/20-S 665 2,650 FLB 
40/60 333 2,520 FLB/WLBc 
40/60-S 618 2,750 FLB/WLB 
80/60 182 2,001 FLB/WLB 
80/60-S(1) 632 3,271 Crumpling 
80/60-S(2) 615 2,798 Crumpling 
80/60/V 124 1,930 FOWBd 
80/60/V-S 630 2,907 FOWB 
80/60/3 159 1,645 FLB/WLB 
80/60/3-S 532 3,180 Crumpling 
aFlexural Buckling (FB); b Flange Local Buckling (FLB); c Web Local Buckling (WLB); dFlange 
One-way Bending (FOWB). 
 
 
 
Figure 5.8 Comparison of axial load capacities between corroded and retrofitted piles 
 
Similar to Figure 5.8, Figure 5.9 shows the comparison of axial stiffness of corroded and 
retrofitted piles. The horizontal axis represents the loss of cross-sectional area, and the vertical 
axis refers to the ratio of axial stiffness obtained from teste piles to the nominal value of a 15 ft 
HP12×53 section. The horizontal solid line indicates the axial stiffness of tested pile equals to the 
0/20 40/20 40/60
80/60/3
80/60 80/60/V
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nominal stiffness of un-corroded pile. The round dots refer to the corroded control piles, while the 
square dots refer to the repaired piles. Observation of Table 5.5 and Figure 5.9 demonstrates that 
the axial stiffness of the corroded piles did not decrease as severely as their capacities, because 
the degraded region was only 1/15 of the total length (for 80/60/3 this value was 1/5). The 
greatest reduction of axial stiffness was found on the pile 80/60/V. It reduced 34% compared to 
the original stiffness of the un-corroded pile. The repair system increased its stiffness by 51%. 
The Pile 0/20-S exhibited lower axial stiffness than Pile 0/20 due to its slightly smaller cross-
sectional area. Therefore, the repair system efficiently enhanced the axial stiffness of the piles by 
compensating the cross-sectional area with additional steel repair plates at the deteriorated region. 
This is beneficial to the serviceability control of the piles, to prevent excessive deformation or 
differential settlement. 
 
 
Figure 5.9 Comparison of axial stiffnesses between corroded and retrofitted piles 
 
5.3.2 Experimental observations 
5.3.1.1 Pile 0/20-S 
The pile was loaded up to 629 kips and failed by flexural buckling. The maximum lateral 
deformation was observed at mid-height of the column, which was the same as the corroded 
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control piles, 0/20, as shown in Figure 5.10(a). Figure 5.10(b) shows the axial load-deformation 
responses of the un-corroded control pile, corroded control pile, and the repaired pile. The red 
line refers to the repaired pile, while the black solid line and dashed line refer to the corroded 
control pile and the un-corroded pile, respectively. The horizontal dashed line indicates the target 
capacity of repaired pile. Similar figures were prepared for each pile in this section. Inspection of 
Figure 5.10(b) indicates that the repair method strengthened the corroded pile and increased its 
capacity back to the level of the un-corroded pile. After testing the repair plates were removed 
and the pile was inspected. No flange or web local buckling was observed after removing the 
plates, since both flange and web were still non-slender elements. The length of the repair system 
for 0/20-S was 2 ft, which provided only limited enhancement to resist flexural buckling. 
Therefore, the pile failed similarly to the un-corroded pile by flexural buckling. 
 
 
Figure 5.10 Comparison of Pile 0/20 and Pile 0/20-S 
 
5.3.1.2 Pile 40/20-S 
The pile was loaded monotonically up to a peak load of 665 kips, failed by flange local 
buckling. Flexural buckling of the pile, as shown in Figure 5.11(a), was observed after the peak 
load. After the peak load, the load decreased gradually until 599 kips, when a sudden increase of 
deformation occurred and the load dropped dramatically, as shown by the dashed line in Figure 
5.11(b). Inspection of the pile after failure further indicated the presence of a localized buckle in 
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the web as shown in Figure 5.12(a). After completing of the test, the strengthening plates were 
removed to observe the flanges. The inspection indicated a minor local buckle in the flange as 
shown in Figure 5.12(b).  
To understand more details about the observed failure, further inspections were 
conducted on the axial strains of the plate and the corroded section, and the displacements of the 
steel repair plates. Figure 5.13 presents the axial strain values obtained from the two strain gauges. 
One attached on the steel repair plate and the other one attached at the reduced flange close to the 
junction of flange and web, as shown in Figure 5.7(c). The vertical axis refers to the applied axial 
load, and the horizontal axis refers to the strains at two locations. Two red horizontal dashed lines 
refer to two load levels: 615 kips when bottom flange exhibited yield strain, and 665 kips when 
peak load was achieved. Inspection of Figure 5.13 indicates that the bottom flange buckled before 
the peak load was achieved, shown as the red dot. Also, the strain of the top plate is almost zero 
during the test, which indicates that very little axial load was transmitted from the pile to the plate 
through friction. This indicates that the primary contribution of the repair system was to restrain 
the slender flanges enabling the deteriorated section to resist higher axial loads than the corroded 
control pile. 
Figure 5.14 shows the displacements between the steel repair plates and the flanges of the 
pile at the end of test frame with no jack, the locations of which are shown in Figure 5.7(c). The 
black and grey lines represent the top and bottom plate, respectively. The two horizontal red 
dashed lines indicate the peak load level of 665 kips and the load level when axial deformation 
exhibited a sudden increase, which is 599 kips after peak load. Inspection of Figure 5.14 reveals 
that the bottom plate started to slip at the peak load, and the top plate started to slip when the load 
decreased to 599 kips. The difference between top and bottom sides of the pile was due to 
unintentional eccentricity of the test set-up. This was verified by the test results of the four string 
potentiometers at four corners of the end plate as illustrated in Appendix B. The failure of the pile 
can be identified as the following sequence: (1) at the load level of 615 kips, the bottom flange 
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buckled; (2) at the load level of 665 kips, which was the obtained peak load, the top flange 
buckled, and the bottom plate slipped as the axial deformation of the reduced section of the pile 
increased; (3) at the load level of 599 kips, the slip of top plate occurred, the reduced section 
deformed dramatically, which also led to a lateral deformation of the pile. The visual inspection 
also revealed localized damage and flaking of the protective coating on the main steel repair plate 
as shown in Figure 5.12(c). This did not appear to have an effect on the strength of the piles. 
However, it is a disadvantage for long-term durability of the system. 
 
Figure 5.11 Comparison of Pile 40/20 and Pile 40/20-S 
 
 
 
Figure 5.12 Observed local failure on Pile 40/20-S 
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Figure 5.13 Axial strains of the plate and the reduced flange of Pile 40/20-S 
 
Figure 5.14 Slip of the steel repair plates of Pile 40/20-S 
 
5.3.1.3 Pile 40/60-S 
The pile was loaded monotonically up to a peak load of 618 kips, failed by flange and 
web local buckling. Lateral displacement of the pile, as shown in Figure 5.15(a), was observed 
after the peak load. After the peak load, the load dropped to 575 kips and increased again, and 
then exhibited a slight peak of 593 kips followed by a gradual decrease, as shown in Figure 
5.15(b). Web buckling was observed during testing before the peak load as shown in Figure 
5.16(a). After completing of the test, the strengthening plates were removed to observe the 
flanges. A higher order plate buckling on flanges was observed as shown in Figure 5.16(b). 
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Additionally, all bolts were bent and one of them ruptured as shown in Figure 5.16(c). This 
happened during test and was due to the bevel washers (shown in Figure 5.6(c)) were not used for 
this pile. Bolts were observed straight after test for other piles with bevel washers. 
To understand more details about the observed failure, further inspections were 
conducted on the axial strains of the plate and the corroded section, and the displacements of the 
steel repair plates plotted in Figure 5.17. Figure 5.17(a) presents the axial strain values obtained 
from the two strain gauges, one attached on the steel repair plate and the other attached at the 
reduced flange close to the junction of flange and web, as shown in Figure 5.7(c). The vertical 
axis refers to the applied axial load, and the horizontal axis refers to the strains at two locations. 
Two red horizontal dashed lines refer to two load levels, the first peak load 618 kips, and the 
second peak at 593 kips. Inspection of Figure 5.17 indicates that the bottom flange buckled at the 
peak load.  . 
Figure 5.18 shows the deformation between the steel repair plates and the pile flanges. 
The black and blue lines represent the top and bottom plate, respectively. The two red horizontal 
dashed lines indicate the two peak loads of 618 kips and 593 kips, respectively. Inspection of 
Figure 5.18 reveals that the top plate slipped at the peak load, and the bottom plate slipped at the 
second peak load of 593 kips. This explains the load drop after the first peak load, which was 
caused by the sudden increment of axial shortening of the pile due to buckled top flange. Then the 
bottom flange buckled at the second peak load and slip happened between the bottom flange and 
the bottom plate, followed by lateral displacement. The difference between top and bottom sides 
of the pile was due to unintentional eccentricity of the test set-up. The inspection also revealed 
localized damage and flaking of the protective coating on the main steel repair plate similar to 
pile 40/20-S, which did not influence the pile capacity but might have negative effect on the 
durability of the repair system. 
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Figure 5.15 Comparison of Pile 40/60 and Pile 40/60-S 
 
 
 
Figure 5.16 Buckled flange and web and damaged bolts of Pile 40/60-S 
 
 
 
Figure 5.17 Axial strains of the plate and the reduced flange of Pile 40/60-S 
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Figure 5.18 Slip of the steel repair plates of Pile 40/60-S 
 
5.3.1.4 Pile 80/60-S(1) and 80/60-S(2) 
Two piles were milled and repaired identically to evaluate the repeatability of the results. 
The piles were loaded monotonically to failure. Both pile exhibited the same failure, a crumpling 
deformation of flanges and web at the corroded region, and their peak loads were comparable. 
The comparable behaviors of these two piles indicate the replicability of the proposed repair 
system. The piles failed at the load levels of 632 kips and 615 kips for Pile 80/60-S(1) and Pile 
80/60-S(2), respectively. No lateral displacement was observed for two piles, as shown in Figure 
5.19(a). The onset of non-linearity was observed at a load level of 600 kips and 580 kips for 
80/60-S and 80/60-Sd, respectively, as show in Figure 5.19(b). At this stage, web local buckling 
was observed, along with sounds of the coating cracking. After the test, the steel plates were 
removed to inspect the failure of the corroded region, as shown in Figure 5.20(a). Flanges and 
web within the corroded region showed a crumpling deformation. The deformation indicated that 
the flanges were too slender to stiffen the web at the junction; meanwhile, the destabilization of 
the web caused the excessive axial deformation of the flanges.  
Figure 5.21 shows the slip between steel repair plates and pile flanges during testing. The 
vertical axis refers to applied axial load, and the horizontal axis refers to the relative displacement 
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between plates and flanges. The top plate exhibited an increase of slip before the peak load was 
achieved and a sudden slip at the peak load, as shown by the black line in Figure 5.21. This 
indicated that the applied load exceeded the friction force between the pile flanges and repair 
plates, and the pile shortening started to increase dramatically. This led to the crumpling 
deformation of the corroded section. Also, the outer layer of the coatings cracked and peeled near 
the edge of the flange tips while both layers of coatings exhibited damage at the region of the 
most deformed flanges, as shown in Figure 5.20(b).  
 
 
Figure 5.19 Comparison of Pile 80/60 and Piles 80/60-S(1) and 80/60-S(2) 
 
80/60 80/60-S(1) 80/60-S(2)
(a)Deformed piles
(b)Axial load-deformation response
0
100
200
300
400
500
600
700
0 0.1 0.2 0.3 0.4 0.5
A
xi
al
 a
pp
lie
d 
lo
ad
[k
ip
s]
Aixal shortening[in]
P80/60=182kips
P80/60-S(1)=632kips
P0/0=623kips
Pn,u=580kips
P80/60-S(2)=615kips
110 
 
Figure 5.20 Buckled flange and web and coating damage of Pile 80/60-S(1) and 80/60-S(2) 
 
 
 
Figure 5.21 Slip of the steel repair plates of Pile 80/60-S 
 
5.3.1.5 Pile 80/60/V-S 
The pile 80/60/V-S was loaded up to 630 kips and no lateral deformation was captured 
(Figure 5.22). The failure shape of the flange was similar to the corroded control specimen as 
shown in Figure 5.23(a), flange one-way bending failure was observed during testing. Figure 5.24 
shows the slip between the steel repair plates and the flanges of the piles. Inspection of Figure 
5.24 indicates a slippage between top flange of the pile and the repair plate (indicated by the 
black line) at the load level of 620 kips, and it increased dramatically after peak load. After test, 
the steel repair plates were removed. The deformations of the corroded flanges of the repaired and 
corroded control piles were slightly different as shown in Figure 5.23(b), due to difference of the 
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plate boundary conditions of the flanges of two piles. The repair system provided a restraining 
effect by clamping the flange edge. 
 
 
Figure 5.22 Comparison of Pile 80/60/V and Pile 80/60/V-S 
 
 
Figure 5.23 Observed failure on Pile 80/60/V-S and Pile 80/60/V 
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Figure 5.24 Slip of the steel repair plates of Pile 80/60/V-S  
 
5.3.1.6 Pile 80/60/3-S 
The pile was loaded up to 532 kips and failed by buckling crumpling deformation of 
flanges and web within the corroded region, with no visible lateral displacement (Figure 5.25(a)). 
The load dropped substantially after it reached the peak, as shown in Figure 5.25(b). Figure 5.26 
shows the slip between the top plate and top flange during test. The top plate slipped dramatically 
at the peak load as shown by the black line in Figure 5.26. This was due to the substantial axial 
deformation resulted from the buckled flanges and web at the corroded region. The obtained 
capacity was lower than the nominal capacity, because the location of the rollers of the test frame 
limited the length of the repair system, as shown in Figure 5.27(a). The designed length of repair 
system should be 8.5 ft to obtain the nominal capacity of the pile. However, the location of the 
roller on the test frame limited the length of repair system to 7.5 ft. With the limited length of 
repair system, the pile capacity predicted by the design procedure described at the beginning of 
this chapter is 496 kips, 7% lower than the experimental result. The coatings started to crack 
when the applied load reached 450 kips. Removing the steel repair plates after test, the flanges 
and web deformed in the same configuration as 80/60-S and 80/60-Sd, as shown in Figure 5.27(b).  
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Figure 5.25 Comparison of Pile 80/60/3 and Pile 80/60/3-S 
 
 
Figure 5.26 Slip of the steel repair plates of Pile 80/60/3-S 
 
 
 
Figure 5.27 Observed failure on Pile 80/60/3-S 
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5.4 Conclusions 
A friction-type bolted plate-based system was developed for repair of steel piles with 
localized corrosion. The design method for the repair system was presented and applied to seven 
full-scale corroded H-piles. An experimental program was conducted and the results were 
compared to the corroded control piles introduced in Chapter 3. The main findings are 
summarized as follows: 
1) The friction-type bolted steel plate-based repair system can effectively restore the 
capacity of H-piles with localized corrosion. All the retrofitted piles except one (80/60/3-S) 
exceeded the nominal axial capacity of an un-corroded 15ft HP12×53 pile.  
2) The Pile 80/60/3-S was designed intentionally weak due to the limitation of the test 
frame. The expected capacity of Pile 80/60/3-S was only 7% lower than the test result. 
3) The repair system successfully restored the axial stiffness of the corroded piles. This 
may be beneficial to the serviceability of bridges that are supported on repaired piles, to minimize 
excessive deformation or differential settlement. 
4) The piles with extremely thin flanges and webs as Pile 80/60-S(1), Pile 80/60-S(2), 
and Pile 80/60/3-S, showed a crumpling deformation at the corroded region. The deformation 
indicated that the flanges were too slender to stiffen the web at the junction; meanwhile, the 
destabilization of the web caused the excessive axial deformation of the flanges. 
5) Bevel washers are necessary for this repair system, in order to prevent bolts from 
bending or rupturing during tightening or in service. 
6) The first layer of the coatings, a solvent-based, inorganic ethyl silicate, zinc-rich 
coating, was applied directly on the surface of the steel repair plates. It exhibited strong bond to 
the plates until the increment of the scratching force generated by extremely deformed flanges in 
cases with 80% reduction of flange thickness. However, the second layer coating, a non-zinc 
containing, Class B-rated, polyamide epoxy coating, which was applied on top of the first layer. It 
showed a brittle performance. Although the damage of the coatings did not appear to have any 
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negative effect on the axial capacity of the repaired piles, it may represent a shortcoming of the 
durability of the repair system. 
The test results were used to validate a 3D non-linear FE model developed in Chapter 6 
to study the repair system. The numerical analysis provided more information about the behavior 
of the retrofitted piles that could not be captured in experimental program. The verified FE model 
was used for parametric study on factors that might affect the axial capacity of the retrofitted piles. 
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CHAPTER 6 NUMERICAL STUDY OF REPAIR SYSTEM 
Chapter 5 presented the experimental study on the axial behavior of the proposed repair 
system. This chapter presents a numerical analysis on partially corroded H-piles repaired by 
friction-type bolted plate-based system. The objective of the numerical analysis was to evaluate 
factors that might affect the axial behavior of retrofitted piles and optimize the design of proposed 
repair system. A FE model was developed to simulate the repaired piles. The model was first 
validated using the full-scale experimental results of seven retrofitted piles presented in Chapter 5. 
Then the model was used for a parametric study to further investigate different factors that might 
affect the strengthened axial capacity of the pile. The studied factors included coefficient of 
friction between the faying surfaces, magnitude of bolt pretension, and length of steel plates 
(which is also taken as the length of the repair system).  
6.1 Finite Element Model 
The numerical framework developed for prediction of corroded H-piles (details presented 
in Chapter 4) was used for the simulation of repaired piles. The bolts, steel plates, and interface 
behavior between flanges of original pile and the steel plates were also included in the FE 
simulation in addition to the corroded piles. The details of the FE model are presented in the 
following sections. 
6.1.1 Simulation of corroded piles 
The FE model developed for corroded H-piles in Chapter 4 was used for piles of the 
repaired group. The thicknesses of flanges and webs measured from the repaired group were 
presented in Table 5.1 of Chapter 5. The element type, mesh size, material properties, initial 
global and local imperfections, and distribution of residual stresses were implemented the same 
way as they were in the FE models of the corroded control piles in Chapter 4. The four-node fully 
integrated finite-membrane-strain shell element with linear shape function, S4, was used and the 
pile was discretized into 1 in×1 in elements. The material model follows classic plasticity: Von-
Mises yield criteria, associated flow, and isotropic hardening. The yield strengths of the flanges 
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and webs were 52.5 ksi and 60.5 ksi, respectively, with elastic moduli of 28,400 ksi and 32,000 
ksi, respectively. The ultimate strengths of flange and web were taken as 66.5 ksi and 71.0 ksi, 
respectively. The magnitudes of the initial global and local geometric imperfections were taken as 
0.18 in and 0.06 in, respectively. The distribution of residual stresses was assumed to have 
maximum compression stresses at the flange tips and uniform tension stress in the web. The 
maximum value of residual compressive and tensile stresses was assumed as 10 ksi. Boundary 
conditions were modeled to represent the test set-up at the supports with only rotation about the 
weak axis was permitted while the other degrees of freedom were restrained. The piles were 
loaded by imposing an axial displacement at one end to simulate the action of the hydraulic jack 
in the experimental program. The modified Riks method, was employed to solve the 
geometrically and materially nonlinear model. 
6.1.2 Simulation of steel plates 
The steel plates of the repair system were modeled using the same element type as the H-
piles. The FEA results of corroded H-piles (Chapter 4) demonstrated that this element type 
provided accurate predictions for members loaded in compression and failing by plate buckling. 
The mesh size was determined as 0.5 in×0.5 in according to a preliminary sensitivity study, in 
which coarser mesh sizes did not converge. The difficulty of convergence was caused by the large 
stress concentration in the steel plates around the bolts due to bolt pretension. The yield and 
ultimate strengths of the plates were taken as 33.1 ksi and 48.8 ksi, respectively, based on the 
tension coupon tests presented in Chapter 5. The elastic modulus was taken as 28,600 ksi.  
Figure 6.1(a) shows the assembly of the plates and the pile in FEA: the two main steel 
plates were assembled on the outside surfaces of each flange, and the four clamping plates were 
positioned inside the surfaces of the flanges. After tightening the bolts, the clamping plates 
rotated (θ) along the edges of flanges until the outer edges of the clamping plates were contacting 
the edges of the main plates, as shown in Figure 6.1(b). For stabilization purpose, the main plates 
and the clamping plates were restrained along their transverse edges from translational 
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movements while applying bolts pretension, and the constraint was released before applying axial 
load. 
 
 
Figure 6.1 Cross sectional views of the repaired piles simulated in FEA 
 
6.1.3 Simulation of high-strength bolts 
The bolts were simulated using a two-node linear beam element, B31, which is a 
Timoshenko beam that allows for transverse shear deformation. According to ASTM A325 
(2014), the minimum yield strength and tensile strength for A325 bolts are 92 ksi and 120 ksi, 
respectively, which were determined as the strengths of material properties for the bolts in FEA. 
The head of the bolts, flat washers, bevel washers, and nuts were not modeled for two reasons: (1) 
the detailed behavior of the bolts (i.e. the magnitudes and distributions of stress and strain within 
each bolt across its section) was not the focus of this study, and (2) for the efficiency of 
calculation. Instead, the bolts were simulated to be connected to the main plates and clamping 
plates using ‘tie’ constraint, as shown in Figure 6.1(a). This indicated that the node of the bolt and 
the node of the plate displaced as one node in all degrees of freedom at their intersections. The 
pretension was applied on each bolt as ‘bolt load’ between the main plates and clamping plates. 
The bolts bent after full pretensions were applied, as shown in Figure 6.1(b), since the bevel 
washers were not included in the model. This caused a force from the clamping plates acting on 
the bolts in the direction perpendicular to the bolt axis. However, the bolts had adequate shear 
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strength to resist the transverse load. As long as the bolts provided required pretensions, the effect 
of bent bolts on the axial capacity of the repaired pile was negligible to the investigation of the 
behavior of strengthen piles. This was supported by the test results of Pile 40/60-S, which did not 
have bevel washers but was repaired effectively. 
6.1.4 Simulation of the interface property of pile flanges and steel plates 
An interface containing normal direction and tangential direction behaviors was defined 
between the steel main plates and the outer surfaces of the flanges. The normal direction behavior 
was defined as ‘hard contact’ allowing separation between contacting surfaces. This type of 
contact prevents the penetration between contacting surfaces and does not allow tensile stress 
across the interface but allows only compression. The tangential direction behavior was defined 
using isotropic penalty friction formulation with friction coefficient Ks, as shown in Figure 6.2. 
Figure 6.2 shows the relationship between the friction force versus the normal force between the 
contact surfaces. In Figure 6.2, the coefficient of friction is shown as 0.34. However, two values 
of Ks were considered in FEA: the mean value (0.34) and the minimum value (0.30) of the slip 
resistance factor obtained from the coefficient of friction test that was presented in Chapter 5. The 
purpose of running two series of analyses using the two values of friction coefficients was to 
consider the statistical uncertainty since the coefficient of friction test was conducted on small-
scale specimens, and the value of friction resistance might decrease on the full-scale specimens. 
 
Figure 6.2 Relationship of friction force and normal force defined in FEA 
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6.2 Validation of the FE model 
Table 4.3 illustrates the axial capacities of the repaired piles obtained from FEA and 
experiments. The pile designations were adopted from the experimental program (presented in 
Chapter 3): the first and second numbers indicate the percentage of thickness reduction of flange 
and web, respectively; the third part indicates a void on web with a ‘V’ and 3 ft extent of 
reduction with a ‘3’; the ‘S’ at the end indicates the piles were repaired by the steel-based repair 
system. Pile 80/60-S refers to Pile 80/60-S(1) as Pile 80/60-S(2) was a duplicate specimen of 
80/60-S(1) as mentioned in Chapter 5, with only slight differences of flange and web thicknesses.  
The ratios of the axial capacities obtained from tests and FEA indicate that the FEA with 
slip resistance of 0.34 and 0.3 showed comparable predictions on piles with less than 80% 
reduction of flange thickness. However, for piles with 80% reduction of flange thickness, FEA 
overestimated their capacities if slip resistance of 0.34 was adopted; while the FEA showed more 
accurate though slightly conservative predictions using 0.30 as the friction coefficient. Moreover, 
the failure modes of piles with 80% reduction of flange thickness obtained from numerical 
simulation indicated that 0.3 provided better match between FEA and experiments. Figure 6.3 
shows the predicted failure of Pile 80/60-S by FEA with two values of slip resistance. The pile 
showed three failure modes almost at the same time in Figure 6.3(a): flexural buckling, flange 
local buckling at the corroded region, and flange local buckling at the un-corroded region outside 
the repair system. In contrast, FEA using slip resistance of 0.3 predicted failure only at the 
corroded region. According to the experimental observation of Pile 80/60-S, the failure occurred 
only at the corroded section with no lateral displacement or damage outside the repair system. 
Similar phenomenon was observed for Pile 80/60/3-S. This fact illustrates the concern that the 
obtained friction force in full-scale experiments was lower than the expected value.. The friction 
force that can be achieved may decrease in full-scale applications for several reasons: (1) the 
larger contact area increases the likelihood of defects in the coating that would potentially reduce 
the coefficient of friction, (2) the increased number of bolts increases the likelihood that some of 
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the bolts may not be fully tightened due to the statistical variability of the bolt tightness, (3) the 
edge of the strengthening plate being in contact with the edge of the clamping plate would cause 
some of the bolt pretension force to be transferred through that interface rather than at the 
interface between the strengthening plate and the pile, and (4) localized out-of-straightness of the 
flanges may influence the frictional force that can be achieved at the interface. To accurately 
capture the capacities of the retrofitted piles, the results of FEA using 0.30 as the coefficient of 
friction were used for comparison and validation in the following sections.  
The differences of the FEA predicted capacities and tested capacities are no more than 5% 
except for Pile 40/20-S. The unexpected high capacity of Pile 40/20-S obtained from 
experimental program is attributed to its lower unintentional eccentricity during testing compared 
to other cases, which was demonstrated by the difference of the values of the four axial string 
potentiometers. 
Table 6.1 Axial peak loads and failure modes of repaired piles from FEA and tests 
Pile designation 
Axial peak load [kips] 
Ptest/ PFEA 
Ptest 
PFEA 
Ks=0.34 Ks=0.30 Ks=0.34 Ks=0.30 
0/20-S 629 603 603 1.04 1.04 
40/20-S 665 569 567 1.17 1.17 
40/60-S 618 600 587 1.03 1.05 
80/60-S 632 639 600 0.99 1.05 
80/60/V-S 630 677 632 0.93 1.00 
80/60/3-S 532 584 525 0.91 1.01 
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(a) Predicted failure of Pile 80/60-S by FEA with slip resistance of 0.34 
 
(b) Predicted failure of Pile 80/60-S by FEA with slip resistance of 0.3 
Figure 6.3 Predicted failure of Pile 80/60-S 
 
Figure 6.4 presents the comparison of deformed piles from FEA and experiments. The 
figure shows a close agreement between the piles deformations between FEA predictions and 
experimental observations. Detailed global and local deformations include (1) the flexural 
buckling failure of Pile 0/20-S, as shown in Figure 6.4(a), (2) the minor buckled flanges of Pile 
40/20-S, as shown in Figure 6.4(b), (3) the higher order mode of plate buckling on flanges of Pile 
40/60-S (Figure 6.4(c)), the crumpling deformation observed from Pile 80/60-S (Pile 80/60/3-S 
FLB
WLB
FLB
WLB
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showed the same failure) as shown in Figure 6.4(d), and (4) the one-way bending mode exhibited 
on flanges of Pile 80/60/V-S, as shown in Figure 6.4(e). The flexural buckling shape of 40/60-S 
shown in Figure 6.4(c) was observed after peak load for both FEA and test.  
 
 
 
(a) 0/20-S 
(FB=Flexural buckling) 
 
 
(b) 40/20-S (FLB=Flange local buckling; WLB=Web local buckling) 
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(c) 40/60-S 
 
(d) 80/60-S 
FLB 
WLB 
FLB 
WLB 
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Figure 6.4 Comparison of deformations of FEA and experiments for repaired piles  
 
Figure 6.5 compares the predicted axial load-deformation relationships from FEA to the 
measured response. The solid curves refer to the compression responses obtained from 
experimental study, and the dashed curves indicate the responses predicted by FEA (Ks=0.3). The 
figure also presents the coefficients of determination, R2, between experimental and numerical 
curves. (R2)total was calculated from the total range of the curves from zero deformation to the 
maximum deformation of the test or FEA, whichever ended first. The maximum deformation 
obtained from tests was determined as the last data point before the sudden drop of axial load. 
The maximum deformation of FEA predictions was defined as the end of analysis. (R2)peak was 
calculated within a range from zero load (deformation) to the peak load of the curves, to quantify 
the correlation of FEA and experimental results regardless of the post-peak behavior. Inspection 
of Figure 6.5 indicates that (R2)total for all the piles presents satisfactory correlation ranging from 
(e) 80/60/V-S
Flange one-way bending
126 
0.93 to 1.00, except for pile 40/60. The post-peak response from experiment exhibits higher 
capacity than FEA prediction. The discrepancies were attributed to five possible reasons: (1) 
unintentional eccentricity of the applied load during testing; (2) uncertainty of the magnitude and 
pattern of the residual stresses; (3) conservativeness of the assumed magnitude and pattern of 
initial imperfections; (4) effect of the fillet at the junction of flange and web, which was not 
modeled in the FE simulation but partly existed in tested specimens; (5) the difference of the 
actual slip resistance obtained from the tests and the value used in FEA. For pile with failure 
occurred within the corroded region, its capacity is highly sensitive to the friction force between 
steel plates and pile flanges (this was demonstrated in parametric study in the following section). 
For piles with 80% reduction on flange thickness, the FEA did not capture the post-peak response, 
because the excessive deformation of flanges led to convergence issue of the FE model. However, 
the values of (R2)peak range between 0.99 to 1.00 for all of the examined cases indicate the 
accuracy of the FE model on predicting the strengthened capacity.  
  
(a)0/20-S (b)40/20-S 
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Figure 6.5 Axial load-deformation responses of repaired piles from tests and FEA 
 
6.3 Parametric Study 
After validating the numerical model using the experimental results of repaired piles, a 
parametric study on retrofitted piles was performed to investigate the factors that affect the 
strengthened capacity of partially corroded H-piles. The parameters include (1) the slip resistance 
between steel main plates and pile flanges, (2) the pretention in bolts, and (3) the length of steel 
plates. The parametric study was carried out by taking the FE model of 40/60-S and changed one 
parameter each time while keeping the other two constant. 
Pile 40/60-S was selected as a base configuration for two reasons. First, its deterioration 
degree was so severe that the pile failed by flange and web local buckling, which was a 
representative case for piles that require rehabilitation. Second, to investigate the effect of 
different lengths of the steel repair plates, Pile 40/60-S had adequate range of the increment of the 
 
(d)80/60-S (c)40/60-S 
 
(e)80/60/V-S (f)80/60/3-S 
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plate length. For a 15-ft-long pile with corroded region centered at its third-height, the maximum 
length of its repair system could be 10 ft. Pile 40/60-S needed 3.5 ft repair system to gain its 
original un-corroded capacity according to the design which was verified by the experimental 
result. Therefore, additional increment of 6.5 ft could be implemented in FEA to study the 
capacity enhancement caused by greater extent of repair plates. 
6.3.1 Effect of slip resistance of contact surfaces of steel plates and pile flanges 
Figure 6.6 shows the effect of the slip resistance on the axial capacity of repaired piles. 
The bolt pretension was kept constant at 28 kips for each case. The horizontal and vertical axes 
illustrate the values of friction coefficients and the axial capacities, respectively. The dots in the 
figure indicate the predicted peak load of each pile. The three marker styles indicate three 
different lengths of the steel plates: the circular dots refer to 3.5 ft steel plates, the square dots 
refer to 5 ft, and the triangular dots refer to 6.5 ft steel plates. The four cases marked by red 
circles are piles failed by local buckling at the corroded region, see Figure 6.7; otherwise the piles 
failed by flange local buckling followed by flexural buckling outside the repair system, as shown 
in Figure 6.8. Five values of slip resistance were investigated, 0.1, 0.2, 0.34, 0.5, and 0.75. The 
value 0.34 is the mean value of slip resistance factors obtained from coefficient of friction test, 
which is very close to the Class A slip coefficient of 0.33 defined in AASHTO (2012). The value 
of 0.5 is the Class B slip coefficient specified in AASHTO (2012). The other three values were 
selected to form a trend with uniform increment of slip resistance magnitude. 
Figure 6.6 indicates that increasing the slip resistance enhanced the strengthened axial 
capacity of the pile which failed at the corroded region. However, as soon as the failure moved 
from the corroded region to the un-corroded portion of the pile outside the repair system, 
increment of slip resistance did not increase the pile in achieving more capacity. At this stage, the 
capacity was dominated by the axial capacity of the un-corroded pile. For HP12×53 pile, the 
dominant failure mode is flexural buckling and flange local buckling since its flange slenderness 
ratio is right above the limit of slender element defined in AISC (2011).  
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Figure 6.6 Axial peak loads of repaired piles as function of different slip resistances  
 
Figure 6.7 Failure within the corroded region 
 
Figure 6.8 Failure outside the repair system 
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6.3.2 Effect of bolt pretension 
Figure 6.9 presents the influence of bolt pretension on the axial capacity of retrofitted 
piles. A constant value of slip resistance was simulated as 0.34. Similar to Figure 6.8, the 
horizontal and vertical axes illustrate the values of bolt pretensions and the axial capacities, 
respectively. The marker styles indicate various lengths of repair system. Three magnitudes of 
bolt pretension were evaluated, 12 kips, 19 kips, and 28 kips, which corresponded to the 
minimum pretension for slip-critical connection using A325 bolts with diameters of 1/2 in, 5/8 in, 
and 3/4 in, respectively (AASHTO, 2012). The red circle points indicate the piles that failed by 
local buckling within the corroded region (see Figure 6.7), while in other case, the failure 
occurred outside the repair system (see Figure 6.8). The results demonstrate that the axial 
capacity increases as the bolt pretension increases if the pile fails by flange/web local buckling at 
the corroded region. However, once the friction obtained from repair system was adequate to 
support the corroded region and the failure transferred to the un-corroded part of the pile, 
increment of bolt pretension did not enhance the strengthened axial capacity. This is reflected in 
Figure 6.9 by comparing axial capacities of piles with 5 ft and 6.5ft long repair systems. The three 
values of axial capacities were almost the same despite of three different bolt pretensions that 
were applied to the repaired piles. 
 
 
Figure 6.9 Axial peak loads of repaired piles as function of varying bolt pretension 
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6.3.3 Effect of length of steel plates 
Three different lengths of the steel repair plates were investigated, namely: 3.5 ft, 5 ft, 
and 6.5 ft. The results are shown in Figure 6.6 and Figure 6.9. In order to illustrate the effect of 
the plate length, the results are reorganized and shown in Figure 6.10. The vertical axis refers to 
the FEA predicted axial capacity of each pile, and the horizontal axis refers to the length of steel 
plates. Different styles of markers indicate five values of slip resistance. The bolt pretension was 
28 kips for all cases. The red circle cases failed by local buckling within the corroded region, 
while the other piles failed by flange local buckling and flexural buckling outside the repair 
system. Inspection of the red circle cases indicates that increment of the length of steel plates 
increased the axial capacity of the pile. This is attribute to the increment of the plate length led to 
more bolts and thus more friction. Inspection of the un-circled cases, slight increment of axial 
capacity was observed although these piles failed at the un-corroded region. The reason for this 
phenomenon is that the piles were simulated with initial imperfections, and greater extent of 
repair plates provided more strength to resist flexural buckling of the repaired piles. 
As stated above, the increment of axial capacity is not substantial once the failure 
transfers to the un-corroded region outside the extent of repair system, as shown in Figure 6.8. In 
this situation, elongate the steel plates from 3.5 ft to 5 ft only increased the axial peak load by 4%. 
Similarly, 6.5 ft long repair system only improved the pile capacity by 3% comparing to piles 
with 5 ft long repair system. Therefore, as long as the friction between the pile flanges and steel 
plates transfers adequate axial load to repair system so that the failure is not dominated by 
corroded region, additional length of steel plates does not contribute substantially to the 
improvement of pile capacity.  
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Figure 6.10 Axial peak loads of repaired piles with different lengths of plates 
 
Results of the parametric study demonstrated that the optimized design of the friction-
type bolted plates repair system is when the sum of the remaining capacity of a corroded pile, and 
the obtained friction between the pile flanges and the plates of repair system, equals to the 
nominal design capacity of the un-corroded pile. In this case, the failure is transferred from the 
corroded region to the un-corroded region beyond the repair system. Extra slip resistance, bolt 
pretension, or length of steel plates would not result in significant increment of pile capacity. 
6.5 Conclusions 
A numerical analysis was conducted to evaluate the effects of three factors on the axial 
capacity of repaired H-piles: the magnitude of coefficient of friction between steel repair plates 
and pile flanges, applied bolt pretension, and the length of steel repair plates. A 3D nonlinear 
finite element model developed for corroded H-piles repaired by friction-type bolted steel plates, 
was validated by full-scale experimental results presented in Chapter 5, and used for the 
parametric study in this chapter. The main findings and observations are summarized as follows: 
1) Increment of slip resistance and bolt pretension can enhance the axial capacity of a 
retrofitted pile if the failure occurs at the corroded region. In contrast, if the repair system 
provides adequate friction to protect the corroded region and transfers the failure to the un-
corroded portion of the pile, increment of the slip resistance or bolt pretension would not enhance 
the axial capacity of the retrofitted pile. 
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2) For pile fails by local buckling within the corroded region, increasing the length of 
steel plates can improve its capacity due to greater friction resulted from more bolts. However, if 
the pile fails by flexural buckling or local buckling outside the repaired region, increment of 
length of plates has minor effect on enhancement of the pile capacity. 
3) The optimized design of the friction-type bolted plate-based repair system is when the 
sum of the remaining capacity of the corroded pile and the load transferred to the repair system 
through friction equals to the nominal capacity of the un-corroded pile.  
4) The obtained friction force in full-scale tests was lower than the expected value 
calculated by the slip-critical connection formula specified in AASHTO (2012). The possible 
reasons include (1) the larger contact area increases the likelihood of defects in the coating that 
would potentially reduce the coefficient of friction, (2) the increased number of bolts increases 
the likelihood that some of the bolts may not be fully tightened due to the statistical variability of 
the bolt tightness, (3) the edge of the strengthening plate being in contact with the edge of the 
clamping plate would cause some of the bolt pretension force to be transferred through that 
interface rather than at the interface between the strengthening plate and the pile, and (4) 
localized out-of-straightness of the flanges may influence the frictional force that can be achieved 
at the interface.  
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CHAPTER 7 SUMMARY, CONCLUSIONS, LIMITATIONS AND 
RECOMMENDATIONS FOR FUTURE WORK 
This dissertation presents experimental and numerical research studies on H-shaped 
bridge piles with localized corrosion that are rehabilitated using a friction-type bolted steel plate 
repair system. Chapter 1 illustrates the general condition of existing steel piles and states the 
necessity and importance of evaluation and rehabilitation of corroded piles. Chapter 2 
summarizes the state-of-the-art and the state-of-practice in this field. Chapter 3 and Chapter 4 
present the details of experimental and numerical studies on corroded H-piles. Chapter 5 and 
Chapter 6 present the experimental and numerical studies on corroded H-piles retrofitted using a 
steel-based repair system. The findings and overall observations of this research and 
recommendations for future work are presented in the following two sections. 
7.1 Summary and Conclusions 
The work presented in this dissertation has two major research objectives related to 
bridge piles with severe but localized corrosion: (1) development of a numerical framework to 
predict the axial capacity of the corroded piles, and (2) development and evaluation of a friction-
type bolted steel plate-based retrofit system to be used for the repair of deteriorated piles. 
To accomplish the first research objective, experimental and numerical studies of the 
remaining compressive capacity of corroded H-piles were carried out. Seven 15-ft-long HP12×53 
corroded piles were tested under uniaxial load. A finite element model was developed and 
validated using the experimental results of small-scale H-piles (Karagah et al., 2015) and full-
scale piles from this study. A parametric study was carried out using the model to investigate the 
influence of slenderness of the corroded flange and web, slenderness of the pile, location and 
extent of the corroded region, and the magnitude of residual stresses.  
To achieve the second objective of this study, a friction-type bolted plate-based repair 
system was proposed based on the findings of investigation of corroded piles. The evaluation of 
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the retrofitted piles consisted of both experimental and numerical programs. Seven piles with the 
same configurations as the corroded control group were repaired and tested under compression. A 
finite element analysis was conducted to study the factors that influence the efficiency of the 
repair system, including the length of the steel plates, the magnitude of bolt pretension, and slip 
resistance. The research led to the following conclusions: 
1) The developed numerical framework provided accurate predictions of the remaining 
capacities and failure modes of corroded piles. The differences between FEA predictions and 
test results are no more than 19 kips and 41 kips for small-scale and full-scale specimens, 
respectively, which are 8.8% and 6.6% of the capacity of the un-corroded piles.  
2) Flange thickness reduction is the most critical parameter affecting the remaining axial 
capacity of an H-pile with localized corrosion. This is because the flanges contribute more to 
the weak-axis moment of inertia of the section. Additionally, the web can sustain a more 
severe degree of corrosion than the flange before becoming slender and being susceptible to 
local buckling. This is because the web is a stiffened element while the flange is an 
unstiffened element. . Therefore, stabilizing the flanges of a corroded pile is the primary 
function of the repair system. 
3) Pile slenderness has only substantial effects on the axial capacity of piles without slender 
elements that fail by flexural buckling. Reducing the effective length of a pile by bracing it 
will not be beneficial to increasing its capacity if the pile has corrosion so severe that the 
deteriorated flanges and web become slender. 
4) The magnitude of residual stresses and the extent of corrosion along the length of the pile are 
secondary factors affecting the axial capacity of the pile. The magnitude of residual stresses 
affects the axial capacity of corroded piles that fail by flexural buckling. But, a threefold 
increase in the magnitude of the residual stresses resulted in only a 15% reduction of the 
capacity. In contrast, varying the magnitude of residual stresses does not have noticeable 
influence on piles with slender element that fail by local buckling. Therefore, even without 
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the measurements of residual stresses, which are difficult to obtain from bridge piles in use, 
prediction by FEA of their capacities is reliable. The extent of the corroded region has 
noticeable effects only on piles that fail by local plate buckling in the corroded region. 
Increasing the extent of corrosion can decrease the axial capacity by up to 41% and 33% in 
the extreme cases that were considered for W4×13 and HP12×53 section piles, respectively, 
due to the reduction of plate buckling capacity of a larger aspect ratio element.  
5) The location of the corroded region does not have much effect on pile capacity regardless of 
the type of failure mode. 
6) The proposed friction-type bolted plate-based repair system can effectively restore the 
capacity of a corroded pile to its nominal design capacity. For retrofitted piles that fail by 
local buckling within the corroded region, the increase of the capacity is directly proportional 
to the increase of the slip resistance (or coefficient of friction) and the bolt pretension level. 
Increasing the length of the steel plates also enhances the capacity since more friction force 
can be developed across the interface by increasing the number of bolts used to clamp the 
repair plates to the deteriorated pile. For retrofitted piles that fail by flexural buckling or local 
buckling at the un-corroded region beyond the repair system, the capacity is governed by the 
original strength of the un-corroded pile rather than the configuration of the repair system. 
Therefore, increasing the slip resistance or bolt pretension beyond the level that is required to 
force the failure into the un-corroded portion of the pile does not provide any additional 
capacity to the system. In this case, though the capacity can be enhanced by increasing the 
length of the steel plates due to the increased contribution of the plates to the lateral stiffness 
of the pile. However, the effect is nominal since doubling the plate length only increases the 
capacity by 7%.  
7) The repair system can increase the axial stiffness of the corroded piles. This may be 
beneficial to the serviceability control of the piles, to prevent excessive deformation or 
differential settlement. 
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8) The piles with extremely thin flanges and webs as Pile 80/60-S(1), Pile 80/60-S(2), and Pile 
80/60/3-S, showed a crumpling deformation at the corroded region. The deformation 
indicated that the flanges were too slender to stiffen the web at the junction; meanwhile, the 
destabilization of the web caused the excessive axial deformation of the flanges. 
9) The coatings applied on the steel plates of the repair system can provide the required friction 
resistance. However, numerical analysis suggests that the slip resistance achieved at the 
interface between the repair plates and the deteriorated pile is nearly 12% lower than the 
values obtained from small-scale double-lap tension coupon tests. This is attributed to the 
increased contact area of the piles which increases the probability of the existence of a flaw in 
the coating and also the increased number of bolts which increases the probability that some 
of the bolts may not be fully tightened to the target prestress level.  
10) The non-zinc containing, class B-rated, polyamide epoxy coating that was used in this system 
was brittle and locally cracked and peeled off of the repair plates during testing. Although the 
damage of the coatings did not appear to have any negative effects on the axial capacity, it 
may affect the durability of the repair system. 
11) Bevel washers are essential to be used in the proposed repair system, to prevent bolts from 
bending and rupture during tightening or during service of the piles. 
7.2 Research Limitations 
Despite of the findings summarized in the previous section, there were several limitations 
in this study. They were illustrated in the discussions of the experimental and numerical studies in 
Chapter 3 to Chapter 6, and are summarized as follows. 
1) In the numerical framework for prediction of corroded piles developed in this study, 
the initial imperfections were not measured values of the tested piles. The effect of the magnitude 
of initial imperfections was only considered in a relatively small range, which were within the 
fabrication tolerances. 
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2) When modeling the corroded piles, the distribution of residual stresses was assumed 
and considered as the Leigh pattern only. However, the distribution may follow other patterns. 
Also, the corroded region may have different pattern of residual stresses from the un-corroded 
region due to the stress relaxation. These effects were not studied in this research. 
3) The proposed repair system was designed and tested on piles with no initial axial loads. 
However, in practical usage, the piles under a bridge have already taken some level of axial load. 
In this situation, the compression behavior of the repaired piles may be different from the studied 
piles. 
7.3 Recommendations of Future Work 
The research presented in this dissertation was one component of a broader project to 
develop repair systems for corroded steel bridge piles. The investigation of the other repair 
method, FRP-based repair system, was presented in another dissertation (Karagah, 2015). The 
environmental durability tests are underway by a research group at Texas Tech University (TTU). 
While the findings of the project benefit the assessment and rehabilitation of steel bridge H-piles 
with localized corrosion, additional work is recommended for future research. This includes but is 
not limited to the following items: 
1) Development of design equations to calculate the remaining capacity of corroded H-piles. 
The developed numerical framework provided sufficiently accurate predictions of the axial 
capacity of corroded H-piles. However, it is impractical for engineers to build sophisticated 
numerical models and run time-consuming analyses for every case. Simplified design 
equations or curves that can be used to calculate the capacity are preferred for practical use. 
They may be derived from extensive predictions from FEA. 
2) Evaluation of alternative coatings to be applied on the steel plates. As stated in the findings, 
the second layer of coating exhibited brittle behavior during testing, which may result in 
durability defects of the pile. Therefore, other types of coatings should be evaluated to obtain 
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alternatives that are durable, and can provide corrosion resistance and the required slip 
resistance. 
3) Evaluation of the performance of the retrofitted piles under different loading conditions 
including eccentric axial loads (or combined axial and lateral loads) and dynamic loads (such 
as in seismic events).  
4) The repaired piles in the experimental program were retrofitted in the situation with no axial 
load. However, piles in field are under certain load before rehabilitation. The design of the 
repair system for loaded piles needs further investigation. 
5) The effect of other patterns of the residual stresses. This research assumed one pattern of 
residual stresses, however, other patterns of residual stresses have not been studied. Moreover, 
the distribution and magnitude of residual stresses might change during corrosion, and the 
influence needs further evaluation.  
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APPENDIX A Test Data of Corroded Control Piles 
The detailed experimental results of the steel H-piles with localized corrosion are 
presented in this appendix. The test data include axial load measured by load cells, axial 
deformations measured by four string potentiometers, and axial load calculated using measured 
pressure from pressure transducer. The sequence of the presented data follows the order of the 
results presented in Chapter 3. The configuration of each pile as presented in Chapter 3 is 
repeated in Table A.1. Figure A.1 through Figure A.3 show the components of test frame and the 
locations of instrumentations. The symbols used in the following plots are summarized as follows: 
LC: load cell; 
PT: pressure transducer; 
NT: string potentiometer mounted on North Top side of the specimen; 
NB: string potentiometer mounted on North Bottom side of the specimen; 
ST: string potentiometer mounted on South Top side of the specimen; 
SB: string potentiometer mounted on South Bottom side of the specimen. 
In Figure A.4 through Figure A.10, there are three graphs: (a) represents to the axial loads 
measured by three load cells versus time of testing; (b) represents the applied axial load versus 
the axial deformations measured by four string potentiometers; and (c) represents to the applied 
load measured by load cells and load calculated using measured pressure from pressure 
transducer versus time of testing. 
Table A.1 Test matrix of corroded control piles 
Pile designation 
Extent of corrosion Flange reduction Web reduction 
Lcr [ft] [%] [%] 
0/0 None 0 0 
0/20 1 0 20 
40/20 1 40 20 
40/60 1 40 60 
80/60 1 80 60 
80/60/V 1 80 100 
80/60/3 3 80 60 
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Figure A.1 3D various components of test frame and instrumentations 
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Figure A.2 2D drawings of test frame and locations of instrumentations 
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Figure A.3 Locations of three load cells and four string potentiometers 
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A.1 Pile 0/0 
  
Figure A.4 Test data of Pile 0/0 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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A.2 Pile 0/20 
 
Figure A.5 Test data of Pile 0/20 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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A.3 Pile 40/20 
 
Figure A.6 Test data of Pile 40/20 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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A.4 Pile 40/60  
 
Figure A.7 Test data of Pile 40/60 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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A.5 Pile 80/60 
 
Figure A.8 Test data of Pile 80/60 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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A.6 Pile 80/60/V 
 
Figure A.9 Test data of Pile 80/60/V 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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A.7 Pile 80/60/3 
 
Figure A.10 Test data of Pile 80/60/3 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
(c) Axial load measured by load cells and 
pressure transducer versus time of testing
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APPENDIX B Test Data of Retrofitted Piles 
The detailed experimental results of the corroded H-piles repaired using friction-type 
bolted steel plate-based repair system are presented in this appendix. The test data include axial 
load measured by load cells, and axial deformations measured by four string potentiometers. The 
sequence of the presented data follows the order of the results presented in Chapter 5. The 
configuration of each pile as presented in Chapter 5 is repeated in Table B.1. The symbols used in 
the following plots are summarized as follows: 
The symbols used in the following plots are summarized as follows: 
LC: load cell; 
NT: string potentiometer mounted on North Top side of the specimen; 
NB: string potentiometer mounted on North Bottom side of the specimen; 
ST: string potentiometer mounted on South Top side of the specimen; 
SB: string potentiometer mounted on South Bottom side of the specimen. 
In Figure B.1 through Figure B.16, there are two graphs: (a) represents to the axial loads 
measured by three load cells versus time of testing; and (b) represents the applied axial load 
versus the axial deformations measured by four string potentiometers. 
Table B.1 Test matrix of corroded control piles 
Pile 
designation 
Extent of 
corrosion 
Flange 
reduction 
Web 
reduction 
Length of repair 
system 
Number 
of bolts 
Lcr [ft] [%] [%] [ft]  
0/20-S None 0 0 2 28 
40/20-S 1 0 20 2 28 
40/60-S 1 40 20 3.5 52 
80/60-S(1) 1 40 60 6.5 100 
80/60-S(2) 1 80 60 6.5 100 
80/60/V-S 1 80 100 7.5 116 
80/60/3-S 3 80 60 7.5 116 
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B.1 Pile 0/20-S 
 
Figure B.1 Test data of Pile 0/20-S 
 
B.2 Pile 40/20-S 
 
Figure B.11 Test data of Pile 40/20-S 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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B.3 Pile 40/60-S 
 
Figure B.12 Test data of Pile 40/60-S 
 
B.4 Pile 80/60-S(1) 
 
Figure B.13 Test data of Pile 80/60-S(1) 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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B.5 Pile 80/60-S(2) 
 
Figure B.14 Test data of Pile 80/60-S(2) 
 
B.6 Pile 80/60/V-S 
 
Figure B.15 Test data of Pile 80/60/V-S 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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B.7 Pile 80/60/3-S 
 
Figure B.16 Test data of Pile 80/60/3-S 
  
(a) Axial loads measured by three load cells 
versus time of testing
(b) Applied load versus axial deformations 
measured by four string potentiometers
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APPENDIX C Specifications of Coatings 
In the experimental study of retrofitted piles presented in Chapter 5, two types of coatings 
that were applied on the steel plates of the proposed repair system were introduced. Their 
specifications are attached as shown in Figure C.1 through Figure C.8. 
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Figure C.1 Steel spec epoxy primer-1 
 
Figure C.2 Steel spec epoxy primer-2 
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Figure C.3 Steel spec epoxy primer-3 
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Figure C.4 Steel spec epoxy primer-4 
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Figure C.5 Zinc clad II ethyl silicate-1 
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Figure C.6 Zinc clad II ethyl silicate-2 
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Figure C.7 Zinc clad II ethyl silicate-3 
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Figure C.8 Zinc clad II ethyl silicate-4 
  
  
 
